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EDITOR’S REMARKS 


“Nanomaterials” has become an exciting area of modem research, because of the special properties this 
class of materials possess and the great technological applications they promise. Therefore, Indian National 
Science Academy is pleased to bring out this special volume on “Nanomaterials”. 

The present volume covers a wide range of topics, viz. synthesis, structure and applications. I am indebted 
to the authors who have contributed to this volume and specially Professor D Chakravorty, who has taken 
great pains to edit this volume after collecting the articles from several scientists. I am really grateful 
to Professor S K Malik, who during his tenure as Editor, PINSA-A, conceived the idea for such a volume 
and requested Professor Chakravorty to take up this responsibility. Lastly, I would like to thank our editorial 
staff, Mr A K Tagore and Mr M Ranganathan, for their valuable editorial/production assistance for bringing 
out this . publication. 


N Satyamurthy 
Editor, PINSA-A 



PREFACE 


Nanomaterials has become an area of intense research activities during the last decade. With particle size 
in such systems generally ranging from 1 to 100 nm, their physical properties neither correspond to those 
of free atoms or molecules making up the particle nor to those of the bulk solids having identical chemical 
composition. Materials with such a structure in the nanometre scale are characterized by large surface 
to volume ratio implying that a major fraction of atoms reside at the grain boundary. Because of the ultrafine 
dimensions, the physical properties are dominated by quantum mechanical effects. As a consequence, novel 
properties are expected and have been found in several systems of such nanostructural characteristics. With 
a well developed non fabrication ability, the researcher can now conceive of new structures in this dimensional 
domain and thereby general novel quantum mechanical properties. This also opens up a fascinating new 
realm of fundamental physics. Nanomaterials, therefore, provide challenging opportunities for physicists, 
chemists, materials scientists and engineers to contribute to the development of nano electron devices and 
a myriad of sensor systems. It is expected that nanoraaterials will play a dominant role in device technology 
in the next few decades. 

The present volume is a modest effort to focus for the general researcher some of the basic aspects 
of preparation an^l properties of nanostmctured materials. The authors, are experts in this field. They review 
different aspects of this subject in the articles of this volume. The first three papers (S K pabi et aL ; 
A Gupta; P Pramanik et al.) deal with the synthesis of nanocrystalline materials, viz., by mechanical attrition 
of metals and alloys, by controlled crystallization of amorphous alloys and by chemical methods for ultrafine 
oxides. The fourth paper (by P Ayyub) examines the effect of particle size (in the nanometre scale) on 
the ferroelectric properties of conventional titanates. The fifth one (by S Ramasamy et al.) delineates the 
electrical properties of nanostmctured materials synthesized by various methods. The sixth article (by 
S N Sahu et al.) discusses the theoretical aspects of nanocrystalline semiconductors and examines their 
possible applications. The seventh paper (by A K Pal et al.) reviews the absorption and photoluminescence 
phenomena in nanocry'stalline ZnS and ZnSe. materials. 

I take this opportunity to thank all the authors for their efforts in writing the review papers. I also 
thank Professor S K Malik and Professor N Sathyamurthy for their help and support in bringing out this 
Special Volume on Nanomaterials. 


D Chakravorty 
Guest Editor 
Special Volume on 
“Nanomaterials” 
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MECHANISM AND KINETICS OF ALLOYING AND 
NANOSTRUCTURE FORMATION BY MECHANICAL METHODS 

S K PABI, J JOARDAR AND B S MURTY* 

Department of Metallurgical and Materials Engineering, Indian Institute of Technology, Kharagpur-721 302 (India) 

(Received 06 March 2000; Accepted 15 September 2000) 

Nanocrystalline materials have become a subject of both scientific and industrial importance in the past one decade. 

The present paper reviews the work being carried out world over, on the synthesis of nanocrystalline metals, alloys, 
intermetallics and nanocomposites by mechanical means, in particular, by high energy ball milling process. Many 
high melting intermetallics, that are difficult to prepare by conventional processing techniques, could be easily 
synthesized in nanocrystalline state with homogeneous structure and composition by this route. The present 
understanding of the nature of these materials and the phase transitions induced duringnanocrystallization are critically 
reviewed in the present paper. 

Key Words: Nanocrystalline Materials; Nanocomposites; High Energy Ball Milling; Nanocrystalline 


Intermetallic Compounds; Mechanical 
Deformation 

1 Introduction 

Nanocrystalline materials (NCM) are solids composed 
of crystallites with characteristic size (at least on one 
dimension) of a few nanometers. The discovery of 
these materials by Gleiter' can be viewed as one 
of the most fascinating ones of the past decade. The 
importance of these materials can be easily gauged 
by the launch of the International Journals like 
Nanostructured Materials and Nanotechnology even 
when the field is in its infancy. A biannual International 
Conference Series on these materials has been 
launched in 1992 and the fifth one in the series is 
scheduled in 2000^"^. The importance of the field 
can be recognized by the large number of international 
conferences being held regularly on nanophase 
materials^" Various aspects of the.se materials have 
been reviewed by a number of investigators* 

The NCMs can be zero (clusters),^ one (lamellar), 
two (filamentary) or three (equiaxed particles)- 
dimensional in nature (Fig. 1 )26'27 and can be obtained 
by a number of techniques as shown in Table I. These 
are the materials characterized by a large volume 
fraction of grain boundaries as shown schematically 
in Fig. 2. The fraction of atoms associated with the 
boundaries, C is given by C=3t/d, where t is the 

* Present Address: National Research Institute for Metals, 
Tsukuba 305-0047, Japan. 
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thickness of the boundary and d is the diameter of 
the nanocrystal. Thus, the volume fraction of atoms 
at the grain boundaries can be of the order of 50% 
for 5 nm grains and a mere 3% for lOOnm grains 
(Fig. 3). A number of physical and mechanical 
properties of materials are significantly altered in the 
nanocrystalline state as shown in Table II^*. 
Nanostructured materials can be synthesized starting 
from vapour (inert gas condensation, sputtering, 
plasma processing, vapour deposition), liquid 
(electrodeposition, rapid solidification) and solid state 
(high energy ball milling, sliding wear, spark erosion). 
Among the solid state techniques, high energy ball 
milling has become quite popular in recent years due 
to its simplicity, low capital cost, higher productivity 
and scalability (Table III). The synthesis of NCM 
by the mechanical , routes (high energy ball milling, 
sliding wear, spark erosion, cold rolling as well as 
devitification of mechanically induced amorphous 
phases) will be reviewed in the present paper. 

High energy ball milling technique has been 
developed in 1966 by Benjamin and his co-workers^^ 
at the INCO’s Paul D Merica Research Laboratory 
as a part of the programme to produce oxide dispersion 
strengthened (ODS) Ni-base superalloys for gas 
turbine applications. NCMs can be synthesized either 
by high energy ball milling of elemental blends (known 
as mechanical alloying (MA)) or that of individual 
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Fig. 1 Schematic of the four types of nanocrystalline materials^^ 



Fig. 2 Schematic representation of etjniaxctl nanocrysialline 
metal distinguishing between atoms associated with the 
individual grains (O) and those constituting graiit 
boundary network (•)' 


Table I 

Classification of Nanocrystal line Materials 


Dimensionality 

Designation 

Typical method(s) of syiithcsis 

Three 

Crystallites (equiaxed) 

Gas ct)ndensation, mechanical alloying 

Two 

Filamentary 

Chemical vapour de{)osition 

One 

Layered (lamellar) 

Vapour deposition, clectix)clc jn^sition 

Zero 

Clusters 

wSol-gel method 


Table II 



Changes in the Properties in the Nanocrystal line 

' State 

Property 

Change in the nanocrystalline state 



Electrical 

Magnetic 

Mechanical 

Optical 


Higher conductivity in ceramics and magnetic nanocomposites 

Higher resistivity in metals 

Increase in coercivity until a critical size 

Decrease in coercivity .below a critical size leading to superparamagnetic behaviour 
Increase in strength and hardness in metals and alloys 

Enhanced ductility, toughness and formability in ceramics and intermetallics 
Blue shift of optical spectra in quantum-confined crystallites 
Increase in luminescent efficiency of semiconductors 


Table III 


Comparative Evaluation of MIG C, HEBM, Spray Conversion and Sol-Gel Methods {adopted and modified fronr"^^) 

Features 

MIGC 

HEBM 

Spray conversion 

Sol gel 

Smallest grain size attainable 

~2nm 

~5nm 

'-10-20nm 

-“5nm 

Contamination 

<1% 

High (unless milled 

High 

High 

Composition control 

Sometimes 

with proper media 
under inert atmosphere) 
Very good 

Good 

Difficult 

Process control 

difficult 

Excellent 

Good 

Difficult 

Difficult 

Production rate 

Low 

Good 

Excellent 

Good 

(in laboratory unit) 

Capital expenditure 

>5 million 

(~2kg/day) 

0.3-1 million 

-4 million 

'-'0.2 million 

(in Indian Rupees) 

Production cost 

High 

Low 

Low 

Low 

Possibility of scaling up 

Difficult 

Easy 

Easy 

Easy 
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Fig. 3 Estimated volume fraction of grain boundaries, 
intercrystalline regions and triple junctions at various 
grain sizes, assuming grain boundary thickness of Inm^^ 


elements, alloys and intermetallics (known as 
mechanical milling (MM)). The formation NCMs 
during MA was first suggested by Koch et al?^. It 
was Fecht et who have first synthesized 

elemental nanocrystals by high energy ball milling 
of their powders of a few micrometers in size. Over 
the past one decade, nanocrystalline metals, alloys, 
intermetallics, ceramics and nanocomposites have 
been synthesized in a number of systems by 
this technique-'^^"'^-^. Nanocrystals have also been 
synthesized through sliding wear'^'^, spark erosion"*"^ 
and severe plastic deformation'^^\ though these 
techniques have not become quite popular. Cold 
rolling has also been used to synthesize amoi*phous 
materials"^^"^^, that can be devitrified in a controlled 
fashion to yield nanocrystals. 

2 High Energy Ball Milling 

2,1 High Energy Ball Mills 

MA/MM is usually carried out in high energy 
mills such as vibratory mills (Spex 8000 mixer/mill), 
planetai 7 mills (Fritsch and Retsch mills) and attritor 
mills (Szegvari attritor). The energy transfer to the 
powder particles in these mills takes place by a 
shearing action or impact of the high velocity balls 
with the powder. An attritor was the first high energy 
ball mill used for MA by Benjamin^^. The attritor, 
invented in 1922 by Szegvari for a quick dispersion 
of fine sulfur particles during the vulcanization of 
rubber, has a vertical cylindrical tank in which the 


powder and balls are charged. The movement of the 
balls and powder is achieved by the horizontally 
rotating impellers attached to a vertical shaft (Fig.4a)'^^. 
Set progressively at right angles to each other, the 
impellers energizes the grinding balls causing the size 
reduction of powder by impact. Due to the higher 
capacity of these attritor mills (Table IV), they are 
usually preferred in an industry rather than in research 
laboratories. The tumbler mills (Fig.4b)''^^, which are 
traditionally used in mineral processing can also be 
used for MA, if their diameters are sufficiently large 
(of the order of meters) and if mills are operated 
close to the critical speed beyond which the balls 
stick to the inner walls of the mill. For large scale 
production, tumbler mills are more economical when 
compared to the attritor and other high energy ball 
mills^^. Vibratory tube mills'"^^ are also used for pilot 
scale production in which a cylindrical container with 
the powder and ball charge is vibrated. 

The laboratory mills, though have smaller 
capacities'^, offer a higher velocity for the 
balls^^'^^*. Among the laboratory mills, Spex 8000 
shaker mill and Fritsch Pulverisette have found wide 
use. In the Spex mill, most widely used in U.S.A., 
the vial containing the balls and powder is vibrated 
in three mutually perpendicular directions with 
amplitude of 50mm and a frequency of 20Hz. In 
the Fritsch planetary mill (P5 and P7), commonly 
used in the European countries, the disc and the vial 
mounted on the disc rotate in the opposite directions. 
This gives a centrifugal force to the balls (Fig.4c)^^. 
In the basic models (P5 and P7) the speeds of the 
vial and disc can not be independently varied, however, 
this has been achieved in the modified versions (G5 
and G7)^*'^*'^. It may be noted that even though the 
linear velocity of the balls in Fritsch mill is higher 
than that of Spex mill, the frequency of impacts is 
much more in the case of the Spex mill^^’^^ which 
makes it a higher energy mill in comparison with 
the Fritsch mill. Due to the low energies of milling 
in the case of the attritor, it takes a longer period 
to achieve alloying when compared to the laboratory 
mills. It has been shown^"^ that alloying in the case 
of Ti-Mg system takes place after 16h in the $pex 
mill, while the attritor took lOOh to achieve the same 
result. 

The Anutech uni-ball mill is the other high energy 
ball mill, which has found wide acceptance among 
the Australian investigators^ This mill consists 




Rg, 4 Schematic of the milling processes in some of the ball mills (a) attritor, (b) tumbler milU (c) Planetary ball mill (P-5) and (d) 
uni “ball mill 


Table IV 

Comparison of Various High Energy Ball Mills 


Type of Mill 

Capacity-'’^ 

Ball velocity (m/s) 

Reference 

Mixer Mills 

up to 2x20 g 

<3.9 

53 

Planetary Mills 

up to 4x250 g 

<11.24 

54,55 

Attritor Mills 

0 5-100 kg 

<0.8 

53 

Uni Ball Mill 

up to 4x2000 g 
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Fig. 5 Injected power levels in various naills^^’ 


of a stainless steel horizontal cell with hardened steel 
balls. The movement of balls is confined to the vertical 
plane by the cell walls and is controlled by external 
magnetic field, whose intensity and direction can be 
adjusted. Depending on the position of the magnet, 
the mill can run in either high energy mode (impact 
prominent) or in low energy mode (shear prominent) 
(Fig. 4d)^^ Another interesting feature of this mill 
is that the impact velocity and frequency can be 
independently controlled^ ^ which is not usually 
possible in the other mills unless some modifications 
are incorporated^^'^^. In addition to the above mills, 
several other mills such as Fritsch pulverisette PO 
(single large ball in a vibrating frame mill)^^, rod 
mill^^, modified rod mill^^ and other specially 
designed mills^^^^^ have been used for MA/MM. The 
capacities and linear velocities of the balls in various 
high energy ball mills are compared in Table IV. 
Fig. 5 compares the injected power levels in various 

mills62,7i 

2.2 Milling Parameters 

Though the ultimate nanocrystalline grain sizes 
reported by high energy ball mills^^*^"^ and conventional 
low energy ball mills^^ are quite similar, the kinetics 
of nanocrystalline phase formation during MA/MM 
depend on the energy transferred to the powder 
ingredients from the balls during milling. The energy 
transfer is governed by various parameters e,g., the 


type/design of the mill, milling speed, type, size and 
size distribution of the balls, ball to powder weight 
ratio (BPR), extent of filling of the vial, temperature 
of milling, grinding media and the milling atmosphere 
and finally the duration of milling. The kinetic energy 
of the balls will be higher with higher speeds of 
milling and with heavier balls {e.g. tungsten carbide 
(WC) better than steel). Joardar et al.P^ have recently 
shown that nanocrystalline NiAl formation and its 
disordering tendency during MA are enhanced with 
increasing milling intensity. It has also been reported 
recently^^, that the reaction rate for the formation 
of nanocrystalline TiC during MA increases 
exponentially with the density of the balls. The size 
and size distribution and the number of the balls should 
be so chosen as to achieve optimum packing of the 
vial. Too dense packing of the balls decreases the 
mean free path of the ball, while loose packing 
minimizes , the collision frequency. BPR of 5 to 10 
is widely used and is found to be effective. 

2.5 Contamination during Milling 

Most of the MA work reported so far has been 
carried out using stainless steel (SS) or hardened 
chrome steel (CS) milling media (balls and container). 
These can introduce large amount of Fe contamination 
into the milled powder. It has been shown during 
the synthesis of NiAl from Ni and A1 blend using 
SS milling media that the Fe contamination is to 
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the tune of about 18at.%^®. However, with CS milling 
media (having better wear resistance than SS), the 
contamination level was ~5at.%^®. The level of 
contamination not only depends on the milling media 
but also on other milling conditions such as Ae 
type of mill and milling speed etc. Contamination 
levels are expected to be more in high energy ball 
mills such as Spex mill. In order to minimize 
contamination, less energetic mills such as the 
vibratory mill may be used-'’^. Contamination can be 
avoided by milling the powders with a milling media 
made up of the same material as that of the powders 
being milled^^. However, the proposal is difficult to 
put into reality in many cases. 

It has been shown recently"^^'®® that Fe 
contamination from milling media can be a blessing 
in disguise. During the MA of elemental blend of 
Ni and Al, it was observed that completely disordered 
(long range order parameter, S=0) nanocrystalline 
NiAl forms when milled with SS media, while partially 
ordered (5=0.55) NiAl forms when milled in tungsten 
carbide'^®. Milling with CS media has resulted in NiAl 
having an intermediate value of 5 (0.48)^®. Fig. 6®* 
shows the X-ray diffraction (XRD) patterns of Ni 
and Al powder mixture of A^gN^j composition milled 
in Fritsch Pulverisette (P-5) at 300rpm for 30h using 
SS and WC milling media. The presence of (100) 
superlattice reflection of NiAl can be clearly seen 
(indicated by arrowhead in the figure) in the case 
of WC, while it is absent when milled in SS. In 


recent years, it has been argued that some ductility 
can be introduced into the otherwi.se brittle 
intermetallics by grain refinement®^ and/or by the 
introduction of disorder®®. Fe is known to reduce 
the ordering energy of NiAl®®’®"^. Thus, it is not 
surprising that Fe contamination during milling has 
resulted in the formation of disordered NiAl^®’®‘. 
The above results suggest that Fe contamination 
from milling media may be helpful in improving 
the formability in some otherwise brittle 
aluminides. 

Another example of the usefulness of Fe 
contamination was observed during MA of Cii- 
Ni elemental blends"^^. Complete alloying and the 
formation of solid solution v/as ob.served when an 
elemental blend of CujqNIjq was milled in Fritsch 
Pulverisette (P-5) at SOOrpm for 20/i in SS and CS 
milling media, while no alloying was observed when 
milled in WC under identical conditions (Fig. 7)’*'. 
Interestingly, in the case of CS and SS milling media, 
the Cu and Ni crystallites reached nanocrystalline 
state (<20nm) within lO/i of milling, while in the 
case of WC media they remained coarse (> 1 OOnm) 
even after 20h of milling. This could be attributed 
to the change in the deformation characteristics of 
Cu and Ni due to Fe contamination during milling 
in SS and CS media. In fact Pabi etal.P have recently 
shown that nanocrystallization is a prerequisite for 
alloying during high energy ball milling at least in 
slow diffusing systems such as Cu-Ni. 



Fig. 6 Influence of WC and SS grinding media on the ordering characteristics of mechanically alloyed NiAl 
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Fig. 7 Influence of grinding media on the alloying* behaviour 
during MA of Cu.^oNi^o elemental blend 


2.4 Temperature of Milling 

High energy ball milling is characterized by repeated 
cold welding and fragmentation of the powder 
ingredients. The extent of welding and fracturing is 
decided by the deformation behaviour of the powder 
and the temperature at the point of ball-powder-ball 
impact. Thus, the kinetics of nanocrystal formation 
during milling is expected to be a function of the 
milling temperature. Indeed the milling time at which 
a given nanocrystalline grain size was attained in 
TiNi intermetallic was found to be a function of milling 
temperature^^. Shen and Koch^^ have observed 
smaller crystallite size for Cu and Ni when milled 
at 188K when compared to those milled at room 
temperature. The’crystallite size of CoZr intermetallic 
was also smaller at low milling temperature^^. Milling 
at subzero temperatures prevents excessive welding, 
while fracturing is favoured due to the change in 
the deformation characteristics of the powder^^ at 
low tempei*atures. 


There have been a number of reports wherein 
the macroscopic temperature of the mill has been 
measured. Davis^^ and McDermott^* have measured 
the maximum temperature of the Spex mill to be 
323K (313K without balls) and concluded that most 
of the heat comes from motor and bearings. Kimura 
and Kimura^^ reported a maximum macroscopic 
temperature of 445K in the attritor. Borzov and 
Kaputkin^'^ have measured a temperature in the range 
of 373-488K for attritor using SiC and diamond 
sensors. Substantial temperature rise (120K) is also 
reported by Kuhn et in vibratory mills. Thus 

the macroscopic temperature during mill appears to 
be low and sensitive to the mill design^^’^^. 

However, the microscopic temperature of the 
powder just after the impact can be quite high. In 
fact, Yermakov etaL, have attributed amorphization 

during milling to the local melting and rapid 
solidification of the powders. As it is not practically 
feasible to measure the microscopic temperature rise 
at the point of ball-powder-ball impact during milling, 
investigators have taken recourse to two approaches 
for its estimation. One of the approaches being to 
ascertain it on the basis of appropriate models and 
the other being to infer from the structural/ 
microstructural changes during milling. However, 
there can be large temperature rise due to some 
exothermic reactions during milling. But this is not 
considered in these models. 

Assuming that particles trapped between colliding 
balls (head-on collision assumed) deform by localized 
shear, Schwarz and Koch^^ estimated a microscopic 
temperature rise of about 40K for Ni 32 Ti^g and 
Ni 4 gNb 55 powders in a Spex mill. Davis and Koch^^ 
calculated the ball velocities and used the expression 
and materials of Schwarz and Koch^^ to predict a 
raise in temperature AT of <11 2K. They^® have also 
estimated the maximum AT to be about 350K, Maurice 
and Courtney^^ have also developed an expression 
for the adiabatic temperature rise during milling by 
modelling the deformation of powder as equivalent 
to microforging. However, they assumed AT to be 
low such that the material is in the cold working 
regime. Magini et have also calculated the 

adiabatic temperature in a planetary mill and reported 
the maximum temperature to be of the order of 400K 
after calculating the amount of powder trapped 
between the balls assuming a Hertzian collision. 
Bhattacharya and Arzt^^^ calculated the contact 
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temperature of the powder compact surfaces, assuming 
Hertzian elastic collisions, which are higher (623K) 
than those calculated by others. However, they show 
a rapid decrease of the temperature to ambient 
temperature at the center of the compact. Davis and 
Koch^^ calculated the AT due to sliding friction to 
be very low (<1 OK). Miller etal, used microsecond 
time resolved radiometry to observe a temperature 
rise during impact on various materials. They observed 
AT of the order of about 400K. 

In view of the difficulties in modelling of the 
temperature rise during milling, the microstructural 
changes occurring during ball milling provides a better 
alternative for realistic estimation. The observation 
of deformation bands and slip lines by optical 
microscopy and the high dislocation densities and 
deformation bands seen in transmission electron 
microscopy indicate that the microscopic 
temperatures are much below the recrystallization 
temperature. However, in some cases it is reported^^* 
that the temperature is above the crystallization 
temperature of the amorphous phase. Davis and 
Koch^^ studied the tempering of martensite in Fe- 
1.2%C steel during ball milling and concluded that 
the maximum microscopic temperature to be about 
548K. Davis and Koch^^ have also milled Bi powder 
and concluded that the temperature of milling is below 
the melting point of Bi (544K). The milling temperature 
obtained by both calculations and experiments is 
compiled in Table V\ The results suggest that there 
is only a moderate temperature rise at the point of 
ball-powder impact during milling, and the possibility 
of local melting can be mled out. 

3 Nanocrystalline Phases by High Energy 
BaU Milling 

3.1 Nanocrystalline Metals 

Nanocrystalline structures were obtained by high 
energy ball milling of a number of elemental powders 
such as Cr, Nb, W, Hf, Zr and Co^^, 

and graphite The crystallite 
sizes of the nanocrystals obtained by MA/MM are 
usually calculated from X-ray peak broadening after 
eliminating the strain Euid instrumental broadening 
constituents using standard methods TEM and 
HREM results have confirmed the nanocrystalline 
nature of these milled elements^^. The initial results 
have shown an indication that the minimum crystallite 


Table V 

Estimated Temperature Rise (AT) during Milling 


Method of Estimation 

AT (K) 

Reference 

Calculation 

^ 10 

98 


40 

54 


130 

99 


^ 350 

98 


350 

101 


400 

100 

Experimentation 

50 

90,91 


120 

52 


100-215 

93 


172. 

92 


< 271 

98 


400 

102 


size obtained by MM varies inversely with the melting 
point of the elements. It was argued that in case 
of elements with low melting points, the tendency 
for cold welding dominates, resulting in larger 
crystallite sizes. Very recently, Koch"^* has compiled 
the minimum crystallite sizes reported so far for 
various elements by MM (Fig. 8). The figure clearly 
brings out the fact that for fee elements having lower 
melting points (Al, Ag, Cu and Ni) the minimum 
crystallite size varies inversely with their melting 
point^'*. However, in case of bcc, hep elements^^’^*^ 
and fee elements with higher melting points (melting 
point of Pd)^"^, the minimum crystallite size is virtually 
insensitive to their melting ‘ points. Thus, the 
understanding of the reasons for the minimum 
crystallite size is presently in a primitive stage. 
However, the fact that similar crystallite sizes were 



Fig. 8Eftect of melting temperatures on the minimum crystallite 
sizes of various elements as attained by 
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obtained both in conventional ball mills^^ as well 
as in the high energy ball mills suggests that it is 
the total strain, rather than the milling energy, that 
decides the minimum attainable grain size by MM. 

The phenomenology of the development of 
nanocrystalline microstructure during high energy ball 
milling as summarized by Fecht"^^ consists of three 
stages. In the first stage, deformation localization 
occurs in shear bands containing high dislocation 
density. In the second stage, dislocation annihilation/ 
recombination/rearrangement occurs to form cell/ 
subgrain stnicture in nanoscale and further milling 
extends this structure throughout the sample. In the 
third stage, the orientation of subgrains becomes 
random. It has been suggested that the ultimate grain 
size achievable is determined by the minimum grain 
size that can sustain dislocation pile-up within the 
grain and the rate of recovery during milling^"^. This 
means that the minimum crystallite size should be 
inversely proportional to the hardness * * A decreasing 
crystallite size with solute concentration has been 
observed in a number of alloy systems which exhibit 
solution hardening such as Cu(Fe)‘*^’‘*^ Ti (Cu), 
Nb(Cu), Cu(Ni) and Cu(Co)^^^. The grain size of 
Ni(Co), where the hardness does not change 
significantly on alloying does not show any appreciable 
change during MA^^. Similarly, an increase, in grain 
size has also been observed in systems showing solid 
solution softening such as Ni(Cu), Fe(Cu) and 
Cr(Cu)^^s. 

S.2 Solid Solutions 

3.2.1 Extension of Solid Solubility 

Nanocrystalline solid solutions have been 
synthesized in a number of systems by MA of 
elemental powder mixtures such as Ti-Si^^^, Ti-Ni, 
Ti-Cu*^*,Ti-Mg^^ and Ti-Al*^^’^^*^. Shen and Koch**^ 
have recently shown the formation of nanocrystalline 
solid solutions in Ti-Cu (0-8at.%Cu), Nb-Cu (0- 
20at.%Cu), Ni-Cu (0-50at.%Cu), Cr-Cu (0“20at.%Cu), 
Fe-Cu (0-15at.%Cu), Cu-Ni (0-50at.%Ni), Cu-Fe (0- 
50at.%Fe) and Cu-Co (0-50at.%Co) systems. They 
suggested that the solid solution hardening or softening 
is mainly governed by the hardening or softening 
of the grain boundaries. The extension of terminal 
solid solubility by MAhas not been studied thoroughly 
so far, as the emphasis of most of the investigators 
was moreeitheron theODS alloysoron amorphization. 
The limited data available on the extension of terminal 


solid solubility achieved in different alloy systems 
by MA is shown in Table VI. The formation of solid 
solution in the entire composition range in the eutectic 
Ag-Cu system^^^ has highlighted the potential of MA 
in achieving large extensions of terminal solid 
solubilities even in systems with positive enthalpies 
of mixing in the solid state. This is supported by 
the results of Suryanarayana and Froes*^^, wherein 
a terminal solid solubility of 6at.% of Mg in Ti has 
been achieved by MA while these elements are 
immiscible in the solid state under equilibrium 
conditions. They have attributed this extension of 
solid solubility to the nanocrystalline structure formed 
during MA. The large volume fraction of grain 
boundaries present in the nanocrystalline state are 
expected to enhance the solid solubility in these 
materials. Murty et could show in Ti-Ni and 

Ti-Cu systems that the extension of solid solubility 
in these systems is limited by the onset of amorphization. 
In another report, Murty and Pabi^^^ could correlate 
the limit of extension of solid solubility of NiAl during 
MA to its crystallite size. Thus, MA can be used 
very effectively to extend the solid solubility of one 
element in the other so as to obtain stronger alloys. 

5.2.2 Alloying in Immiscible Systems 

In the initial stages of development of MA, 
Benjamin could demonstrate the formation of 
homogeneous mixtures of Fe-Cu and Cu-Pb by MA. 
Later, a significant solid solubility was reported in 
Fe-Cu system by Alloying has also 

been reported in Cu-Ta^^-"'" 

and Cu-Co systems by MA. Significantly, 

Huang et have reported continuous series of 

solid solutions in Cu-Co system. Alloying in liquid 
immiscible systems by MA is an interesting 
phenomenon and there have been efforts to understand 
the driving force for such a behaviour during high 
energy ball milling. Yavari et aL, ^^^360 have attributed 
this to the capillarity effect in the nanocrystalline 
state. They argued that high energy ball milling results 
in the formation of small fragments with tip radii 
of the order of Inm. The capillarity pressure at these 
tips forces the atoms on these fragments to dissolve. 
Gente et and Huang et have proposed 

that the formation of homogeneous solid solution is 
energetically more favoured when the crystallite size 
of the constituents is reduced below a critical size 
which is of the order of l-2nm.. Murty et al.f^ Pabi 
et and Huang et have shown that 
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Solvent Solute 


Ag 

Cu 


Ni 

A1 

Cr 


Fe 


Mg 


Mn 


Nb 


Ti 


Zr 

Cd 

Zn 

Co 

C 


Cr 


V 


Zr 

Cr 

Co 


Cu 

Cu 

Co 


Fe 


Hg 


Zn 

Fe 

A1 


Cu 


Mg 


Si 

Mg 

Ti 

Mn 

Co 

Nb 

Al 


Cu 


Ni 

Ni 

Ag 


Al 


C 


Nb 

Ti 

Al 


Cu 


Mg 

V 

Co 

Zr 

Al 


Co 


Table VI 


Extension of Tenninol Solid Soluhility by MA 

Equilibrium'-^ 

CiOJia DOlUDllUy ilt luuin w / 

MA 

Reference 

0.3 

100.0 

125 

0.7 

3.8 

126 

0.0 

5.0 

127 

0.0 

4.5 

126 

2.1 

23.0 

126 

0.0 

18.5 

128 

0.0 

25.30 

126 

0.0 

6.0 

122 

0.0 

9.1 

126 

0.0 

50.0 

129 

0.0 

6.0 

130 

0.0 

40.0 

131 

9.1 

33.0 

131 

0.0 

5.0 

131 

9.0 

40.0 

131 

0.0 

20.0 

119 

0.0 

90.0 

119,132 

0.0 

50.0 

119 

0.0 

70.0 

129 

30.0 

50.0 

80 

18.5 

50.0 

133 

0.0 

15.0 

119 

0.0 

20.0 

134 

9.0 

27.5 

135,136 

0.0 

4.2 

126 

4.0 

50.0 

131 

21.5 

60.0 

126 

0.0 

20.0 

119 

7.0 

10.0 

129 

2,0 

9.0 

126 

10.0 

27.0 

129 

0.0 

12.0 

130 

6.0 

15.0 

137 

36.0 

55.0 

138 

0.0 

8.0 

119 

2.9 

60.0 

65,139 

7.0 

40.0 

131 

0.5 

15.0 

140 

0.0 

4.0 

131 


nanociystallization is a prerequisite for MA in 
immiscible or partially miscible systems. 

3,3 Nanocrystalline Intermetallic Compounds 
The intermetallics constitute some of the most 
technologically prospective engineering materials. 
This stems from their novel attributes such as excellent 
high temperature strength and thermal stability apart 
from the high corrosion/oxidation resistance and 
unique electrical and magnetic properties. However, 
the high melting temperatures and the poor formability 
of the intermetallics poses a major impediment to 


their conventional processing. Under this perspective, 
MA has been envisaged as an extremely promising 
solution. Over the past one decade, a considerable 
volume of work has been reported on the synthesis 
of a large number of intermetallic compounds through 
MA"^^. The possibility of producing these intermetallics 
in the nanocrystalline state by MA (Fig. 9a and b) 
has increased the popularity of this technique, as it 
can induce some formability in these otherwise 
brittle materials Fig. 10 shows that the increase 
in hardness is quite significant (by 4 to 5 orders) 
in case of metals on nanocrystallization while in 
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Fig. 9 TEM images of nanocrystalline (a) NiAl and (b) NiSi 
crystallites 


case of intermetallics (Nb^Sn) it is quite marginal 
(10-20%)'^^. Dymek et have demonstrated 

sufficient compressive ductility (>11.5%) in fine 
grained NiAl. Jain and Christman have 

shown that nanocrystalline FeAl (Fe-28Al-2Cr 
crystallites of 80nm) is brittle in tension, but is 
superplastic in compression. The bulk of these efforts 
have been on the aluminides and to some extent on 
the silicides. 

3.3,1 Aluminides 

Overwhelming interest in theMA of nanocry stallipe 
aluminides has been instigated by their possible 
applications in aerospace and automotive industries 
owing to their high specific strength and corrosion/ 
oxidation resistance at elevated temperatures. Among 
all aluminides, MA of Ni, Ti and Fe aluminides have 
so far received major attention. 



Fig. 10 Variation in hardness with d-V^ for Fe and Nb 3 Sn, where 


d=average grain diameter"^^’' 


Ni~ Aluminides: The formation of nanocrystalline Ni- 
aluminides, such as NiAl 3 , NiAl and Ni 3 Al through 
MA has been established at various compositions in 
the binary Ni^Alj^g (32<x<90) elemental blends^^^. 
Subsequent efforts^°^"^^-^ have confirmed the previous 
results of solid state synthesis in the Ni-Al system. 
Though a considerable extension of phase fields in 
the Ni^Al, NiAl and even in the line compound NiAl 3 
have been observed under intensive milling 
conditions Ni 2 Al 3 and Ni^Al^ phases were 
found metastable under similar conditions It is 
of interest to note that, in a marked contrast to the 
gradual temperature rise (-348K) during MA of Ni- 
aluminides in laboratory ball mill under air^^^, 
formation of NiAl in Spex 8000 mill under Ar 
atmosphere^ was accompanied by an exothermic 
reaction within a short duration of milling following 
an interruption after 2/i of continuous milling. A similar 
observation has also been reported recently on low 
energy ball milling of NI^qAI^q as well. Recent studies 
by Liu et aL, have revealed a delayed initiation 
of the exothermic NiAl phase formation reaction on 
addition of ternary alloying elements such as Ti and 
Fe as indicated in Fig. 1 1 . The occurrence of explosive 
reaction was also observed on opening the vial 
following milling This suggests the possible role 
of energy liberated during oxidation of A1 in promoting 
the Ni-Al reaction. On the other hand, the absence 
of catastrophic reaction when rriilled in air^^^ could 
be attributed to the continuous oxidation of the 
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Fig. 11 Influence of ternary additions on the initiation of 
exothepnic NiAl phase formation reaction 


elements and the slow diffusion between the oxide 
coated ingredients, which results in reduced reaction 
kinetics. Pabi ^d Murty have observed wide phase 
fields for the Ni aluminides (Fig, 12) in the 
nanociystalline . state and could explain the large 
extension in the NiAl phase field in the nanocrystalline 
state based oii thermodynamic considerations 
(Fig. 13)'^'. 

Ti-Aluminides: Investigations on Ti-Al 
intermetallicshave revealed stiff resistance to alloying 
during MA. For example, prolonged milling for lOOh 
in Fritsch P-5 planetary mill at a BPR of 10 has 
failed to produce Ti-Al compounds The formation 
of Ti-Al intermetallics could be achieved on adopting 
a two st^e process involving MA and subsequent 
annealing^^^. This is evidenced by the MA efforts 
for the synthesis of TiAl and TiAl 3 , which required 
annealing of the ball milled ingredients at 873 and 
813K respectively Several other reports on the 
production of Ti-Al intermetallics such as TiAl^, 
Ti 2 Al 3 , TiAl and Ti 3 Al through a ‘mechanically 
activated annealing process’ involving intense ball 
milling followed by annealing process are also 
available It is, however, quite obvious that the 
annealing temperatures would vary considerably 
depending on the final crystallite sizes which dictates 
the diffusion distance. On the other hand, there also 
exist some reports of direct^ synthesis of Ti-Al 
intermetallics by MA. For example, the formation 



■I Al El AlaNi ffll Nia At 

m Al+Ni O NiAl DU Ni 

® AUAlaNi Si NiAUNiaAl 


Fig. 12 Extended phase fields of Ni-aluminidcs under MA 



Fig. 13 Role of crystallite size on the thermodynamic stability of 
NiAl over an extended phase field 
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of TiAl and Ti^Al has been reported during MA of 
Ti4oAl^Q and elemental blends^ Moreover, 

investigations by Park etai, have shown successful 
synthesis of TiAl and Ti2Al through direct MA in 
vibratory mill in stainless steel grinding media with 
12.7 and 19.1mm diameter grinding balls. However, 
the extent of Fe-contamination and its possible role 
in triggering such a reaction during MA remain to 
be looked into. Suryanarayana^/^/., ^ could synthesize 
TiAl by MA of TiAl3 and TiH2. 

Fe-Aluminides: FeAl^ formation during MA of 
Fe2QAlgQ and Fe25Al2^ blends in Fritsch P-5 planetary 
ball mill is quite well documented 1^5,186 interestingly, 
the initiation of FeAl^ formation occurred within 40/i 
in the Fe25Al25 blend as against 65h in Fe2QAlgQ. 
Such a delayed synthesis of FeAl^ in Fe2oAlgQ is 
quite explicable due to the off-stoichiometric 
composition. No intermetallic compound has been 
detected in Fe-87.5at.%A1 blend even after 8O/2 of 
MA*^5.186 Subsequent annealing at 773K, however, 
resulted in FeAl^ phase. The formation of such non- 
stoichiometric FeAl^ may be an indication of an 
extended FeAl^ phase field, though, any possible A1 
loss due to oxidation may also be responsible for 
such observation. MA of Fe-rich composition, e.g., 
Fe-25at,%Al, which incidentally lies in the Fe^Al 
phase field, has been found to produce FeAl instead^ 
Subsequent annealing, on the other hand, has led to 
B2- Fe^Al instecid of the usual DO3 structure. The 
formation of FeAl during MA in preference to AlFe3 
has been attributed to its more negative Hf (-31,8kJ/ 
mol) when compared to that of Fe3Al (-18kJ/mol). 
The formation of metastable Fe2Al5 through MA has 
also been demonstrated within 0.5/2 in Spex 8000 
mill at a BPR of 6, which finally transformed to 
a more stable FeAl on MA for 5h. 

Other Alwninides: Apart from the above mentioned 
Ni, Ti and Fe aluminides, MA has demonstrated its 
ability in the synthesis of several other aluminides 
including ternary aluminides. Some of these aluminides 
includes Cu-Al, Nb»Al, Mo-Al, Zr-Al, Al-Ni-Fe, etc. 

A list nanocrystalline aluminides synthesized by MA 
is presented in Table VII. 

3.3.2 suicides 

The MA of silicides has gained significant interest 
in recent years^^^, particularly because of their 
potential applications as structural materials in the 
field of microelectronics and electrical technology. 


Ni-Silicides: The initial efforts by Radlinski and 
Calka^^^ on the synthesis of Ni-Si intermetal lies 
through MA of an equiatomic blend of Ni-Si failed 
to produce the desired product even after prolonged 
milling for lOOO/z. However, subsequent annealing 
treatment at 973K for a period of Ih did result in 
the formation of NiSi. On the other hand, studies 
on MA of ^iioo-K^h (^=25, 28, 33, 40 and 50) in 
Fritsch P-5 at a very high vial speed of 642rpm 
revealed crystalline phase formation in Ni3Si, Ni3Si2 
and NiSi compositions and an amorphous phase in 
Ni^Si2, Ni2Si compositions^^^. Recently, Datta et 
al.^' studied the MA characteristics of the entire 
range of composition in Ni-Si system. They have 
observed that only congruent melting silicides form 
in the nanocrystalline state and the foi'mation of non- 
congruent silicides is suppressed even at their 




Ni Atomic percent silicon Si 

Fig. 14 (a) Equilibrium Ni-Si phase diagram indicating 
compositions subjected to MA and (b) metastable phase 
diagram at nanocrystalline state 
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Phase 

AlCo 

AI 4 CU 9 

AlaHf 

Al3Mg2 

Ali2Mgi7 

Al 6 Mn 

AlMn 

AI 12 M 0 

AI5M0 

AI 4 M 0 

AI 8 M 03 

AIM 03 

AlaNb 

AlNba 

AlNba 

AlZr 

Al.^ZfT 

AlU9Ni-2Cr 

Al-46Ni-8Cr 

Al-42Ni-16Cr 

AI-40Ni-20Cr 

Al-Ni-Fe 

Al-49Ni-2Fe 

AI-46Ni-8Fe 

AM2Ni-16Fe 

Al-40Ni-20Fe 

Al-Ni-Ti 

Al-25Zr-3Fe 

Al-25Zr-8Fe 

Al-25Zr-8Ni 

Ti-24Al-llNb 

ri-25Al-25Nb 

Ti-28 5A1-23 9Nb 

ri-37 5A1-12 5Nb 

HT : Heat treatment 


Structure 

B2 

D 82 

LI 2 

Fee 

A12 

Orthorh 

B2 

Bcc 

hex 

Monocl 

Monocl 

Monocl 

DO 22 

D 82 

A15 

Orthorh 

Orthorh 

B2 

B2 

B2 

A2 

B2 

B2 

B2 

B2 

A2 

B2 

LI 2 

LI 2 

LI 2 

B2 

B2 

B2 

B2 


Table VII 

Nanocrystalline Aluminides Synthesized hy MA 

AHf (kJ/mol)i«'' Synthesis Route 


-43 

MA 

-8 

MA 

-51 

MA 

-3 

MA 

-3 

MA 

-15 

MA 

-43 

MA 

-5 

MA-f-HT 

-10 

MA+HT 

-13 

MA+HT 

-17 

MA+HT 

-15 

MA+HT 

-29 

MA 

-36 

MA+HT 

-28 

MA+HT 

-83 

MA 

-80 

MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


MA 


Rcrcrencc 

190 

191 

192 

193 

193 

194 

194 

195 
195 
195 
195 
195 

196,197 

197 

19H-2(K) 

197 

197 

201 

201 

201 

201 

175,202 

201 

201 

201 

201 

171,175,203 

197 

204 

204 

197,205 

205 
197 
197 


equilibrium compositions. Thus, in the nanocrystalline 
state the phase fields of silicides are given by the 
metastable phase diagram in comparison to the stable 
phase diagram as shown in Fig. 14(a) and (b). 

Fe-Silicides: MA efforts with elemental 
blend^^^ have shown the formation of a mixture of 
low temperature-tetragonal a-FeSi 2 , high temperature- 
orthorhombic j 8 “FeSi 2 and the cubic FeSi phases. 
MA studies on F^ioo-x^ix ^5, 37.5 and 50) in 
Fritsch P-7 at a BPR of 1 2 have revealed the formation 
of FeSi, Fe 2 Si, Fe 5 Si 3 and FeSi 2 respectively^* ^ 
However, MA of Fe-6.5wt.%Si has shown the 
formation of a solid solution^ In fact, extremely 
high intensity MA^*"* has demonstrated the formation 
of Fe-Si solid solution over an extended phase field 
up to Fe-37.5wt.%Si. On the other hand, MA studies 
in the Si-rich composition regimes in horizontal ball 


mill^*^ have revealed the formation of / 3 *-FeSi 2 phase 
for Si>70at.% and e+j 0 ~FeSi 2 at 50at.%<Si<70at.%. 

Ti-Silicides: In the initial studies on MA of Ti- 
Si system by Veltl et in planetary ball mill, 

no intermetallic formation in the intermediate stages 
of milling have been detected possibly due to fast 
amorphization reaction in the high energy milling. 
However, the generation of TiSi intermetallic phase 
prior to amorphization during MA has been observed 
within 4h in Vibro mill at higher BPR^*^. MA results 
reported by Oehring and Bormann^*^ and Park et 
demonstrate the formation of crystalline Ti^Si^, 
which remained stable even on prolonged milling. 
Such a high stability of Ti^Si^ against amorphization 
during milling is in conformity with its large negative 
freeenergy of formation -7 1 kJ/mol at 673K). Recent 
studies on MA of elemental blends of compositions 
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Ti^ 3 Si^y and Ti 42 Si 5 g have shown the formation of 
crystalline Ti 5 Si 3 andTi^Si^ embedded in an amorphous 
matrix after 60h of milling in Vibro mill^^^. TiSi 2 
and TiSi phases were also detected in the preliminary 
stages of milling (4h) in this study, which paved way 
to the more stable phases with the progress of milling. 

Mo-Silicides: Most of the research work on MA 
of Mo-silicides has been primarily focused on the 
Mo-disilicide (MoSi^), which is a well-known refractory 
intermetallic (melting point=2323K) with considerable 
technological importance. Successful synthesis of 
MoSi 2 by MA has been reported by Schwarz et 
in Spex 8000 mill within 70h. More recently, 
nanocrystalline MoSi 2 has been synthesized by MA 
of Mo 33 Si ^^-7 in planetary ball mill (Fritsch P-5) at 
a disc speed of 280i'pm“^‘. Interestingly, both the 
low temperature as well as the high temperature phases 
viz.y cx and /3“MoSi2 occurred during MA, with the 
extent of yS phase increasing with milling time. Lee 
et have reported that the formation of MoSi 2 

during MA is quite sensitive to the type of mill used. 
While both a and /3-MoSi2 could be obtained by 
MA in Spex mill, MA in planetary mill could not 
yield the silicide even after subsequent annealing 
treatment. In a significant report, Liu and Magini^^^ 
have shown that high energy ball milling results in 
a self propagating high temperature synthesis (SHS) 
reaction leading to stable a-MoSi 2 , while low energy 
milling leads to metastable /J~MoSi 2 without any such 
reaction. 

Other suicides: The development of silicides 
other than the Ni, Fe, Ti and Mo-silicides through 
MA has evoked only limited interest so that only 
a handful of such reports is available. Some of these 
have been on the Pd-silicides. It is interesting that 
while high energy ball milling^^"^ resulted in the 
formation of the line compound Pd 3 Si along with 
an amoiphous phase from a mixture of composition 
Pd- 1 6-23at.%Si elemental blend, low energy milling^^^ 
of Pd-17at,%Si led only to an amorphous phase. The 
direct synthesis of Pd 2 Si has been reported on MA 
of Pd-Si blends with Si>33at.% while at Si>50at.%, 
initial product of Pd 2 Si is destabilized on prolonged 
milling and gradually transformed to the high 
temperature PdSi phase^^^. Nb 5 Si 3 and Ta 5 Si 3 
compounds have also been synthesized through MA 
of elemental blends^^^. Lou et have shown 

that milling without interruption leads to the abrupt 
formation of NbSi 2 , while regular interruption results 
in its gradual formation. Unlike in MoSi 2 where 


prolonged milling resulted in the transformation of 
the low temperature phase (a) to the high temperature 
phase (y8), the progress of MA of Nb 3 Si 3 in Spex 
milP^^ led to the formation of more of the room 
temperature phase (a) at the expense of the high 
temperature phase (y3). 

3.3.3 Other Intermetallics 

Though the aluminides and silicides have stolen 
the lime light in the field of research on MA of 
intermetallics, several other intermetallics deserve 
notable mention due to fundamental aspects as well 
as technological importance. The formation of various 
compounds in the Cu-Zn system v/z., /3-CuZn, y- 
Cu^Zug and ephases, through MA has been extensively 
studied over the last decade^^’^-^^’^*^ ^ Studies have 
shown that a sequence of phase formation is maintained 
during milling of elemental Cu-Zn blends in Fritsch 
P-5, wherein, the Zn-rich phases e.g. £, and/or ywere 
always the first to form^^. This is attributed to the 
much higher diffusivity of <2u in Zn than vice versa^^. 
The progress of milling has shown the gradual 
formation of the Cu-rich phases through a continuous 
diffusive mechanism. The synthesis of superconducting 
intermetallics by MA e.g., Nb 3 Sn has also been 
successful^*"^^, while efforts on MA of superconducting 
Nb-Ge system has led to successful production of 
a number of phases viz., Nb 3 Ge, Nb^Ge and NbGe 2 
depending on the composition of the starting 
blend^-^-'^’^-'^'^. A list of non-aluminide and non-silicide 
intermetallics produced by MA is presented in 
Table VIII. 

A number of metastable intermetallics have been 
obtained during MA in the nanocrystalline state. A 
bcc phase has been obtained at an elemental composition 
ratio for Nb 3 Al instead of the equilibrium A15 
compound and a hep phase at Ti 3 Al, where the 
equilibrium structure is DOje;^^^. Similarly, TiSi 2 
phase with metastable C49 structure has been obtained 
both by MM of equilibrium C54 structure and by 
MA of Ti and Formation of hexagonal Cl 4 

phase, metastable at room temperature has been 
obtained in stead of stable Cl 5 cubic Cr 2 Nb during 
MA^^^. 

3.4 Nanocomposites 

In recent years, there have been considerable 
efforts to produce in-situ nanocomposites by MA. 
Zhu et have synthesized Pb-Al and Fe-Cu 

nanocomposites by MA. In a similar attempt. 
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Phase 

C 03 C 

Cr7C3 

Cr3C2 

CrsNb 

p-CuZn 

Y-CusZns 

£-CuZn 4 

FeaC 

FeSn2 

Fe3Sn2 

FeSn 

FegSn 

Fe3Si 

FeTi 

FesZn 

Mg 2 Ge 

MgaNi 

Mg 2 Si 

Mg 2 Sn 

Nb 3 Ge 

Nb 5 Ge 

NbGe 2 

Nb 3 Sn 

NiaB 

NiaC 

Ni3Sn2 

T1B2 

TiC 

TiNi 


Nanociysta I lin e 
Structure 

hex 

hex 

orthorh 

C15 

B2 

D 82 

hex, 

orthorh. 

C16 

monocl 

B35 

DOiy 

DO3 

B2 

D 82 

Cl 

hex 

Cl 

Cl 

A15 

orthorh 

C40 

A15 

cubic 

cubic 

hex 

hex 

LI 2 

B2^ 


Table Vm . , 

Intermetallics other than Aluminides and Silicides Synthesized by MA 
AHf (kJ/mol)‘»^> Synthesis Route 


+6 

MA 

-13 

MA+HT 

-16 

MA+HT 

-10 

MA 

-8 

MA 

-4 

MA 

-2 

MA 

+25 

MA 

-1 

MA 

-2 

MA+HT 

-2 

MA+HT 

-2 

MA 

-21 

MA 

-25 

MA 

-2 

MA 

-115 

MA 

-52 

MA+HT 

-79 

MA 

-80 

MA 

-28 

MA 

-19 

MA 

-29 

MA 

-16 

MA 

-21 

MA 

+7 

MA 

-24 

MA 

-74 

MA 

-77 

MA 

-52 

MA 


Retcrcncc 

235,236 

237,238 

237,238 

239 

80,230,23 1 
80,230 
80,230 
236 

240 
240 

240 

241 

241 

242 
241 

243 

244 
243 
243 

233,234 

234 

234 

232 

245 

235,236 

240 

207 

246-248 

248 


Provenzano and Holtz^^^ have shown the formation 
of Ni-Ag and Cu-Nb nanocomposites by MA. Du 
et have produced Al-BN composites by high 

energy ball milling. In an interesting report, Naser 
et have showed that no grain growth occurs 

in the matrix close to its melting point when Cu 
and Mg are reinforced with nanocrystalline AI 2 O 3 
by mechanical alloying. Wu et have reported 

the formation of nanocrystalline TiC in an amorphous 
Ti'Al matrix by MA. A solid state reaction leading 
to the formation of AIN and AIB 2 was reported by 
themduringfurtherprocessingofthese nanocomposites. 
TiAl-Ti^SL nanocomposites have been reported by 
Liu et by MA followed by thermal treatment. 

They attribute the formation of these nanocomposites 
to the crystallization of amorphous phase obtained 
by MA in Ti-Al-Si system. These nanocrystalline 
compounds appear to be quite stable and no significant 
coarsening was observed even after heat treatment 
for Ih at 1273K. Similar nanocomposites have been 
obtained by Senkov et by MA and subsequent 

heat treatment of a mixture of TiH 2 and Al-Si alloy 
powders. NbAl 3 -NbC nanocomposites have been 



Fig. 15 Change in the microhardness of Tl-Al alloys with d- V 2 (»), 
mechanically alloyed Ti-46at %Al-5at %Si and Ti-20at 
%Al-17at %Si-9 Sat %Nb; (♦), mechanically alloyed 
binary Ti-Al; (4/), conventional powder-processed material; 
(j), ingot material of similar composition^^ 
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obtained by MAof A1 and Nb powders^^^. Interestingly, 
NbC in this case appears to have formed by the reaction 
of Nb with the methanol medium in which the milling 
was performed. Manna et have recently 

synthesized nanocomposites of Cu-NbAl 3 by the 
codeposition of nanocrystalline NbAl^ during the 
electrodeposition of Cu. Pfullmann et have 

mechanically alloyed TiAl base alloys with Si to 
synthesize nanocomposites with Ti^Si^ dispersions 
in TiAl and Ti 3 Al and found significant improvement 
in microhardness in the nanocrystalline state (Fig. 15). 

4 Mechanism of Nanocrystalline Phase 
Formation during MA 

The phase formation processes to a great extent are 
influenced by the chemical driving force provided 
by the free energy/enthalpy difference. In case of 
nanocrystalline materials, the contribution of interfacial 
energy term becomes comparable with the chemical 
free enei-gy term, and hence has a decisive role in 
dictating the stability of equilibrium phases in the 
milled product. For instance, precipitation of second 
phase particles in nanocrystalline supersaturated solid 
solution is going to be difficult due to further increase 
in interfacial areas. For this reason, reactions like 
discontinuous precipitation or peritectoid 
transformations are expected to be suppressed in 
nanocrystalline alloys. The large density of dislocations 
generated in the as milled products under heavy cold 
work involved during MA can also contribute to the 
enhanced diffusivity values and thereby significantly 
influence the alloying mechanism^^*. The studies on 
ball milling induced alloying has broadly led to three 
major type of mechanisms as discussed below: 

(a) Continuous Diffusion (CD) of Reacting Species 

The mechanism is characterized by a continuous 
change in the lattice parameter of the solvent with the 
progress of milling at the expense of the depleting 
solute content. Zbiral et have proposed two 

different mechanisms (I and II) occurring via CD 
mode. In mechanism I, for a lower solubility of A in 
B compared to B in A in the A-B system, alloying is 
achieved by diffusion of the B into A. Such mechanism 
has been suggested to be relevant to binary model 
systems e.g., Ni+Al, Ni+Ti, Ni-fCr, Ni+Mo, Ni-f-W. 
While mechanism II has been proposed to operate in 
systems with good mutual solubilities e.g., Ni+Cu, 
Ni+Ta and Ni+Zr. Fig. 16 illustrate the two alloying 
mechanisms and indicate the direction of diffusion and 
alloy growth. 


II 


B 


B 



D iff usion B < — > 


Diffusion 
A B 


No diffusion of A 
Alloy — Alloy AB 

Fig. 16 Alloying mechanism by continuous diffusive mode^^^ 




Fig. 17(a) Changes in the crystallite size of a and e and 
(b) variatipn in the solubility of Zn in Cu during MA 
of different ,Cu“Zn blends 
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Recently, the mechanism of mixing has also been 
analyzed in Cu-Zn model system^^, which is 
characterized by AH^ ~ -6 to -9kJmol-^ As evident 
from Fig. 17a, the formation of a and e-phases occur 
with the reduction in crystallite sizes of (Cu). A 
concomitant increase in the amount of Zn dissolved 
in Cu at the initial stages of milling is also estimated 
(Fig. 17b), which indicates fast diffusion of the species 
at nano-grain sizes. Interestingly, alloying was found 
to initiate by the diffusion of Cu into Zn so that 
even at a Cu-rich composition in equilibrium cc phase 
field, the Zn-rich phases viz. Tf or € were first to 
form. These Zn-rich phases were however metastable, 
and paved way for the more stable phase(s) at the 
particular composition. The above behaviour may be 
easily understood if one looks into the diffusivities 
of Cu and Zn in each other (extrapolated at the probable 
milling temperature of -473K from high temperature 
data^^-"^) which indicate nearly eight order of magnitude 
higher jn Zn (2.99x1 O' *"^cm^/s) when compared 
to D 2 n ( 8.2 1 X 1 0'^'^cm^/s) . S imi lar mixing behaviour 
has also been observed in Cu-Ni system as reported 
by Pabi et 

(b) Self-Sustaining Reaction (SR) 

Though, in real sense SR mechanism is more 
a reaction synthesis mechanism rather than a MA 
mechanism, it deserves attention because of the 
indications in several reports that similar process 
possibly play the crucial role in the overall alloying 
behaviour by increasing the milling temperature 
drastically, which in turn promotes the desired 
reaction. For example, the synthesis of Ni-Al 
intermetallic from Ni-Al blend has been reported to 
be associated with an exothermic reaction due to 
oxidation during milling which supports the reaction 
leading to generation of phase(s)'*^^’^^^. The role of 
crystallite size and lattice strain, however, has been 
overlooked and warrants critical assessment. In an 
effort to develop a well defined criteria for self 
sustaining reaction it has been suggested^^ that for 
the reaction to occur the required diffusion distance, 
must decrease relatively more rapidly than the 
accomplished diffusion distance (Xj.) increases 
(Fig.18). 

(c) Discontinuous Additive (DA) Mixing 

The mechanism is characterized by the typical 
behaviour of the crystallite size refinement whereby 
the crystallite size of the product at the onset of its 



Fig. 1 8 Schematic of a reaction procc.ss where the phase evolution 
occurs at a time, t, when the required diffusion distance.s 
(1) as well as the accomplished diffusion length {Xj^) 
converges^^^ 



Fig. 19 Discontinuous additive mixing during NiAl formation 
from (a) Ni25Al75 and (b) Ni^oAf^jo blend compositions 
by MA 
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formation is equal to the sum of the individual 
crystallite size of the constituents^^^^. It may be noted 
that the mixing behaviour during MA of binary Ni- 
A1 blends as analyzed in various prototype compositions 
viz- Ni 2 iAl 79 , Ni 25 Al 75 , and NI^qAI^q have revealed 
similar behaviour. Interestingly, the formation of 
ordered NiAl from Ni 25 Al 25 and NI^qAI^q blends 
initiates when the crystallite sizes of the ingredients, 
Ni and Al, at the onset of the reaction shows an 
additive relation when compared to that of the product, 
NiAl (Fig. 19(a) and (b)). Furthermore, the critical 
crystallite size of the constituents, at which the DA 
mixing is triggered, depends on the composition and 
it is largest at the stoichiometric composition (/.e.. 


^' 50^*50 

force264. 


) apparently for maximum available driving 
This does not fit to the conventional 


continuous diffusive mixing mechanism. It may be 
recalled that earlier reports have indicated the 
association of a sudden exothermic reaction in the 


vial during the synthesis of NiAl from a stoichiometric 
blend composition, which is suggestive of reactive 
mixing as stated in the previous section. However, 
in reactive mixing the reaction front usually propagates 
in unpredictable direction and is, therefore, unlikely 
to show, additive rule as observed by Pabi et 
In addition, as milling in these studies were performed 
under liquid (toluene) bath, high temperature build- 
up at the collision point is unlikely. The temperature 
estimates from earlier studies 94 points to a modest 
rise in temperature (- 473-573K). It is noteworthy 
to mention in this connexion that studies on external 


heating of Ni-Al powder compacts in atomic volume 
of 1:3 at a heating rate of 8.33 x lO'^K/s shows 
the initiation of a self propagating high temperature 
reaction (SHS) at -'823K-^‘^, While, studies on Ni- 
Al foils at overall compositions between Ni-25 to 
75at.%Al have indicated that the initiation of SHS 


required a temperature of greater than or equal to 
the melting point of Ni^^^. Thus, the discontinuous 
additive mode of mixing is quite unique, which may, 
however, be looked upon as a low temperature version 
of reaction synthesis. 


hand, recent investigations also point to the possible 
influence of the ordered structure of the mechanically 
alloyed products in determining the mode of alloying. 
These aspects need greater attention for an in-depth 
understanding of the underlying fundamentals, which 
has not been attempted so far. 

4.1.1 Influence of 

I ^n.i.<0 

The above condition thermodynamically favours 
alloy formation. However, the occurrence of the 
reaction during MA from elemental blends is likely 
to be decided by the kinetic factors. The system has 
to surmount the activation energy barrier by the 
mechanical energy impounded into the ultra-fine- 
crystal ensembles and once it crosses this barrier the 
reaction is sustained by an enhanced downhill 
diffusion. Though, there exist no distinct criteria 
defining the alloying mechanism involved during MA, 
three different modes have been reported to operate 
in several systems viz- a continuous diffusion induced 
transformation, a self sustaining reaction assisted by 
some exothermic process accompanying ball milling 
and also the discontinuous additive mixing mode 
observed in aluminides as discussed in previous 
section. 

>0 

The positive heat of mixing in system implies 
lack of chemical driving force for alloying and as 
such, the formation of intermediate phases or solid 
solution is thermodynamically not feasible under 
equilibrium conditions. The mechanism underlying 
the solid solution formation in systems with positive 
AHj^ix under the non-equilibrium M A processing have, 
been found to be of CD type. The alloying process 
in these systems has opened up several possibilities 
based on the source of driving force as mentioned 
below. It may be noted that all these mechanisms 
suggested for systems with positive heat of mixing 
could well be applicable for systems showing negative 
enthalpy of mixing. 


4.1 Factors Controlling the Mixing Mechanisms 
It may be noted that the mechanically induced 
energy may even supersede any thermodynamic or 
kinetic barrier to instigate reaction in otherwise 
immiscible systems. The difference in the alloying 
behaviour in various systems may be, therefore, 
evaluated within a framework delineated by distinct 
ranges of enthalpy of formation/mixing. On the other 


(a) Energy Stored in Grain Boundary 

The large grain boundary energy has been 
correlated to the occurrence of solid state alloying 
based on the observation that reaction proceeds as 
the crystallite sizes of elemental constituents drops 
down to nanometric level Substantial amount of 
enthalpy is expected to be stored in the nanocrystalline 
metal due to large grain boundary area-^^ 
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(b) Oxygen Induced Mixing 

The possible reduction in the enthalpy of mixing of 
systems by the dissolution of oxygen has also been 
suggested to induce alloy formation in liquid immiscible 
systems e.g., Cu-Ta and Cu-W, both of which have 
tendency to form amorphous phases on milling* . 
This has been supported by the reported reduction 
in the heat of transformation of amorphous Cu^QTa^Q 
to elemental state of only 3-llkJ/g from 

the expected value of -'20kJ/g atom. However, no 
such change in the enthalpy of mixing has been 
reported in Cu-Co system even for higher amounts 
of oxygen, 

(c) Capillary Pressure Mechanism 

The mechanism suggested by Yavari et for 

composites of Cu with Fe or other high-melting bcc 
metals, having positive considers fracturing 

of the composite on deformation, with the formation 
of fragments of small tip radii. Such structure leads 
to capillary pressure build-up at the small tips, which 
in turn forces, the atoms of the fragments to dissolve. 
Yavari et has further shown that for an 

incoherent Cu/Fe interface enthalpy of 1.4J/m2, 
dissolution of Fe atom in Cu occurs for a tip diameter 
<14nm. 

(d) Dislocation Assisted Alloying 

High dislocation density may also contribute to a 
substantial increase in the mutual solubility in systems 
with positive This is due to change in the 



Fig. 20 Chemical contribution of interface enthalpy with the 
refinement of microstructure’ 


chemical potential of the solute atoms in the strain 
field of an edge dislocation. Such mechanism has 
been extended to account for the metastable solid 
solubility in Cu-Fe system under ball miiling^^*^. 

(e) Influence of Coherent Interface 
Apart from the excess structural enthalpy of the system 
on account of the grain refinement during ball milling, 
coherent intcrfiice formation in systems, e.g.. (ai-Co 
(between Cu and Co regions) has been considered 
to play significantly in the solid st>Iution formatioid*'^^. 
It has been argued that the formation of such coherent 
interface between Cu and Co regions does not change 
the crystallite size so that the thickness of the elemental 
components in the final state may be much smaller 
than their crystallite sizes, enhancing the chemical 
contribution of the interface. The critical size, 
below which the chemical contribution of the Cu- 
Co interface enthalpy exceeds the free energy of the 
solid solution, has been calculated from simple energy 
relations, neglecting the small entropy contribution 
to the free energy of interface. The enhancement in 
the chemical contribution of interface enthalpy with 
the -refinement of microstructure has been shown in 
Fig.20 for different sizes of Cu and Co regions. 
Considering an enthalpy of {).3Jm‘^ for the coherent 
Cu/Co interface for - 1 nm, the forCu^oCo 

50 

composite raises above 6kJ/g atom which is sufficient 
to allow for a phase transformation of the composite 
into solid solution provided the interface temperature 
reaches -673K during ball milling operation. 

4.1.2 Influence of Ordering Characteristics 
The various mechanisms controlling the phase 
formation reactions during MA have been investigated 
in Cu-Al, Nb-Al, Ni-Al and Fe-AI system.s having 
AH^<0. It has been attempted to generalize the theory 
propounded for these systems by comparing with 
alloying mode in Cu-Zn possessing less negative Hf 
and Cu-Ni with ziH^>0. Table IX presents the various 
alloying mechanisms operating in these systems 
during MA. As it evolves from the above table (Table 
there exists contrasting, mode of mixing in 
the ordered products viz. NiAl3 ^^iAl on one 
hand and the disordered products e.g., Ni-^Al and 
FeAl on the other. The Table reflects the possible 
role played by the structural order in the product 
phase in determining the synthesis mechanism. This 
is elucidated by the influence of a highly disordered 
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Milling time (h) Milling time (h) 


Fig. 21 Crystallite size variation with milling time in the formation of NiAl during MA of (a) Ni 4 ()Al 4 ()Fe 2 () and (b) Ni 4 oAl 4 ()Cr 2 o blends 


Table IX 

Alloying Mechanism in Different System during MA-^'^ 


System 

Composition 

Product pha.se 

C S (nm) 

Product nature 

AH, (kJ/mol) 

Alloying mechanism 

Cu-Ni 

Cu,,„Ni,„ 

Cu(Ni) 

20 

DO 

2 

CD 

Cu-Zn 

Cu-15 to 5C)at %Zn 

a 

20 

DO 

-9 

CD 

Cu-Al 

Cu,,,Al2„ 

Cu(Al) 

10 

DO 

-8 

CD 

Fe-Al 

Fe-25 to 50at %A1 

FcAl 

15 

DO 

-31 

CD 

Ni-Al 

Ni-21at %A1 

NiAU 

20 

ORD 

-39 

DA 



NiAl 

10 

ORD 

-72 

DA 


Ni^^Aljs 

Ni,Al 

30 

DO 

-42 

CD 

Ni-Al-Fe/Cr 

Ni^^AlioFe^,, 

NiAl 

25 

DO 

- 

CD 


Ni4j,Al4()Cu<> 

NiAl 

20 

DO 

- 

CD 

Nb-Al 

Nb,,Al„ 

Nb,Al 

9 

ORD 

-20 

CD 


C.S. =crystallite size after 20h of MA; ORD=ordered; DO=disordered (S^).3); CD=continuous diffusive mixing; 
DA=discontinuous additive mixing; 


ball milled NiAl, caused by Fe or Cr additions as 
described in ref. [47], on the mixing phenomenon 
(see ref. [28]). Interestingly, the crystallite sizes at 
the onset of the formation of the highly disordered 
NiAl in NiAl(+Fe/Cr) blends do not demonstrate the 
usual additive relation as evident from Fig. 21 (a) and 
(b). Howevei*, a gradual shift in the lattice parameter 
of Ni caused by the gradual consumption of A1 with 
progress of milling is observed (Fig. 22), that evidences 
a continuous diffusive mixing mode in the disordered 
NiAl. It may be noted that though Fig. 22 reports 
the variation of Ni peak in Ni4QAl4QCr2Q only up 
to 8/2 its presence was evident till 16h. However, 
it was difficult to ascertain the lattice parameter as 
well as crystallite size because of its: highly diffused 
nature. Furthermore, it may be mientioned that a 
considerably higher diffusivity values are usually 



Fig.22 Shift in lattice parameter of Ni during MA of Ni 4 oAl 4 oFe 2 o 
and Ni 4 ()Al 4 ()Cr 2 () blends 
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expected in the disordered state of a phase when 
compared to that in its ordered state e.g.. the diffusivity 
of Cu in Zn at 773 K in disordered /J'-phase 

(D =4 8xl0-i^m2/sat773Kinj8')underidentical 

condUion is ~ 35 times higher than that in ordered 
6(Dp ■ z = 1.4x10-’^ m^/s at 773K in jS). while 
the diffusivity of Zn in Cu in disordered /3 
exceeds that in ordered P by about 144 times 

(D'^Zn in ^*^2" i" Cu=9-0X 

IQ-i^n^/s at Such situation is expected to 

prevail in the highly disordered AlNi structure as 
well, which perhaps assist the phase formation reaction 
by the continuous diffusive mechanism as observed 
in the present investigation. However, it may be noted 
that the formation of Nb^Al during MA follows a 
continuous diffusive mechanism in spite of it being 
ordered on MA. It may be noted that the for 
Nb^Al is less negative when compared to that of 
NiAl or NiAl3. The above studies, therefore, indicate 
that the mode of mixing is continuous diffusive if 
either > -40kJ mol'‘ for a given phase or the 
as milled product is disordered. 

5 Kinetics of Alloying during MA 
It is well known for over three decades that mechanical 
deformation enhances the diffusion rate and the 
process has been termed as “mechanical diffusion” 
by Balluffi and Rouff^^^. Gleiter^^^ has shown that 
a large potential gradient leads to a high rate of 
diffusion in the vicinity of a dislocation even at 
temperatures where self-diffusion is not possible. 
Gleiter had also shown that the passage of dislocations 
through Ni^Al particles in Ni-rich matrix causes 
pronounced reversal of solute to the matrix from the 
precipitates, thus resulting in their dissolution at large 
deforrnation. Thus, the deformation-enhanced 
diffusivities can play a significant role in deciding 
the alloying kinetics during MA. 

Recent development of a kinetic model based 
on a modified version of the iso concentration contour 
migration (ICCM) method developed earlier^^* to 
estimate the rate of diffusion controlled dissolution 
in a two phase planar and multilayered aggregate^^^, 
has been a significant step in kinetic analyses of the 
MA process. Fig. 23 shows the experimental and 
calculated results of the respective variation of 
solubility of Ni, A1 and Zn in Cu for Cu^qN^q, 
CugQAl2o and Cu2QZn3Q, as a function of milling 
time^^^. These experimental results are obtained from 


the XRD peak shifts of Cu in the above-mentioned 
elemental blends during MA. Tlie results clearly 
indicate that the effective mass transport phenomenon 
operative during MA attains a rate intermediate 
between that of volume diffusion and grain boundary 
diffusion. The enhanced diffusion rate in course of 
MA have been considered to he ccjuivalciu to that 
Qp volume diffusion at some elevated tcmpcmiuic 
r..., that has been determined by comparing the 
experimental values of solid solution rate with that 
predicted by the MICCM model. The results of these 
analyses demonstrate that the equatitrti of ballistic 
diffusion^’^ is not able to account for the extremely 
large enhancement in the diffusivity values as 
encountered in MA. It is also clear froitt the results 





Fig. 23 Experimental and calculated results of the respective 
variation of solubility of Ni, AI and Zn in Cu for Cu 5 <)Ni 5 (), 
CusoAlio and Cu 7 QZn 3 o, as a function of milling time 
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Table X 


Variation in the and the Homologous Temperature, obtained from Experimental Data through MICCM model 


Composition 

rpm 

(K) 

T., (K) 

0.,r {T,„/Tsolidus) 


200 

1190 

505 

0.42 


300 

1190 

520 

0.44 

Cu«.Zn„ 

300 

1150 

560 

0.49 

Cu,„Ni,„ 

300 

1533 

755 

0.49 


300 

1633 

785 

0.48 


300 

1317 

670 

0.51 


of the CuyQZn^Q that though the alloying kinetics are 
remarkably slower at milling disc speed of 200rpm 
when compared to that at 300rpm in the planetary 
ball mill P-5, the changes only marginally from 
505 to 520K. Furthermore, it is of interest to note 
that the homologous temperature lies in 

the range of 0.42 to 0.5 1 (Table X) in each of these 
systems, indicating that the effective mass transfer 
during MA is related to the solidus temperature of 
the system concerned. It is also evident from these 
calculations that the crystallite size of the constituent(s) 
has to be reduced to nanoscale (< lOOnm) to achieve 
any significant rate of alloying by high energy ball 
milling. It is expected that these results would suffice 
for predicting the alloying kinetics in diverse systems. 

6 Nanocrystallization by Devitrification 

Devitrification ujider controlled conditions has been 
found to induce nanocrystalline structure^^^. The 
process may be grouped under two categories 
depending on the route leading to the nanocrystalline 
phase evolution viz. (i) mechanical deformation 
induced crystallization and (ii) thermally assisted 
crystallization of metallic glasses. However, the 
thermal devitrification has not been discussed here 
as it is beyond the scope of this review. 

The crystallization of amorphous Zr-Ni alloys 
at higher milling intensities after being amorphized 
at low intensity milling have been shown by Eckert 
et alP^ and Trudeau et al.P^ have milled Metglas 
2605CO (Fe66Co,8 SijBj 5) and Metglas 2605S-2 
(Fe^gSiQB j 3) and found that both crystallize on milling,, 
with Co containing metallic glass crystallizing at 
shorter milling times. The crystallization of these 
glasses during milling was attributed to the local rise 
in the temperature during ball milling, while the early 
crystallization of the Co containing glass was thought 
to be due to its lower crystallization temperature (7 1 4K 


as against 826K of Metglas 2605S-2). In an interesting 
experiment, they^^"^ have mechanically alloyed Co 
and Ni to Metglas 2605S and found that Co addition 
induces rapid crystallization while Ni stabilizes the 
amorphous phase. This is interesting because Ni 
addition is known to Igwer the crystallization 
temperature to Metglas 2605S to 648K. This work 
has suggested that a lower crystallization temperature 
of a metallic glass is not sufficient for it be crystallized 
during high energy ball milling. Crystallization of 
metallic glass in Fe-B-Si system by MM has been 
observed by other several other investigators^^^’^^^. 
Enhancement of diffusion due to heavy deformation^^^ 
is also an explanation offered to the nanocrystallization 
of metallic glasses by high energy ball milling. It 
appears that temperature rise during milling alone 
can not explain the crystallization of amorphous 
phases observed during milling, Chemistry changes 
during milling and the local temperature rise during 
milling can enhance the crystallization kinetics. It 
is possible that the defects introduced during milling 
accelerate the diffusion and in turn the crystallization 
kinetics during milling. 

7 Nanocrystalline Materials Synthesized by 
Severe Plastic Deformation 

Recent studies have shown that nanocrystalline 
structure can be synthesized by severe plastic 
deformation (SPD) either by torsion straining under 
high pressure or by equal-channel 

angular pressing (ECAP)^^"^"^^"^. The major advantage 
of SPD techniques over high energy ball milling and 
inert gas condensation is that bulk nanocrystalline 
samples and semi-finished products without any 
residual porosity can be obtained without the need 
for compaction and sintering^^. The concept of ECAP 
can be traced back to Segal et who have pressed 
the test samples through a die containing two channels, 
equal in cross section, intersecting at an angle. As 
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Fig. 24 Schematic of the route adopted during ECAP^'-*-"* 

a result of pressing the samples undergoes simple 
shear but retains the same cross section so that the 
pressing can be repeated for several cycles. The SPD 
techniques have been shown to produce nanocrystals 
as small as SOnm^^"^. Interestingly, a number of 
structure insensitive properties such as modulus of 
elasticity^^^, Debye^^^ and Curie temperature^^^ have 
been shown to change significantly on 
nanocrystallization using SPD. Fig. shows a 
schemMic of the routes adopted during ECAP. In 
route A the samples is pressed repetitively without 
rotation, in route B the samples is rotated by 9QP 
between- each pressing and in route C the sample 
is rotated by 180*^ between pressings. Nanocrystalline 
state could be achieved in a number of materials 
such as A12^5-299 Cu 28S,300^ Ni^o^ and 

intermetallics (y-TiAl)^^^ It has been shown in case 
of Al-Mg alloy that the nanocrystalline microstructure 



Fig. 25 Change in the microhardness with d for Al-3%Mg 
produced by torsion straining2‘^^ 


I'’ 



Fi g. 26 Schematic of the SPTS route for nanocrysialline structure*''’ 

developed by ECAP can be useful till 
F'urukawa et have shown that the Hall-Petch 

relation is valid till the finest crystallite size (~90nm) 
obtained by them by SPD. However, the Hall-Petch 
slope appears to decrease at fine grain sizes (Fig. 
25) which has been attributed to the increased 
iparticipation of mobile extrinsic dislocations in the 
boundary regions. An Al-Mg alloy (AZ9 1 ) has shown 
superplasticity with an elongation of 661% and a 
•Strain rate sensitivity of 0.3 at 0.5T^ after ECAP^®^. 

The principle of SPTS is illustrated in Fig. 26^^. 
In this technique, high hydrostatic pressiiffe tof 5- 1 5Gpa 
is applied at room temperature. An extension of the 
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solid solubility of Fe in A1 to the extent of 2.2wt% 
has been observed by this technique due to 
nanocrystallization^^’^. This has led to an increase 
in the microhardness values from 750 to 1 750MPa^^‘^. 
Subsequent aging at 373K has led to a further increase 
in the microhardness to 3020MPa due to decomposition 
of the supersaturated solid solution^^-'^, A significant 
increase in the coercivity of Pr-Fe-B-Cu hard magnet 
has also been observed on SPTS"^^. 

8 Concluding Remarks 

The present paper reviev^s some of the intriguing 
facets of the mechanical alloying (MA) and 
nanostructure formation that have emerged from 
recent works. The paper highlights the success of 
MA route in the synthesis of large number of 
intermetallics and solid solutions in several metallic 
systems. The works in this field have revealed that 
the various milling parameters, the milling temperatures, 
the nature of the product(s) and the presence of more 
than single phase during MA have a pronounced 
influence on the limiting grain size attainable by 
controlling the degree of coalescence of the grains. 
Present level of work identifies broadly three types 
of alloying mechanisms, viz. continuous diffusive 
(CD), self-sustaining reactions (SR) and the 
discontinuous additive (DA) mode. Studies have 
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A controlled partial crystallisation of FeSiB alloy with small amounts of Cu and Nb results in formation of 
nanocrystalline grains dispersed in a residual amorphous matrix. Both the nanocrystals as well as the amorphous 
matrix are ferromagnetic at room temperature. This composite material posses excellent soft magnetic properties, 
which even surpass those of transition metal-metalloid metallic glasses. The present article reviews the formation, 
structure and magnetic properties of such alloys. Although a number of other amorphous alloys also have been 
found to result in nanocrystalline phase formation, most of the examples taken in this article are for the system 
FeCuNbSiB which happens to be the most promising system from the application point of view. 

Key Words: Alloys; Nanocrystalline; Metallic Glasses; Crystallization; Microstructure; Soft-Magnetic 
Material; Coercivity; Anisotropy; Superparaniagnetism 


1 Introduction 

Development of soft magnetic materials with large 
saturation magnetisation high effective permeability 
and low coercive field is an important area of 
research and development. Efforts are being made to 
achieve better soft magnetic properties in order to 
conserve energy by reducing the losses in transformer 
cores and also for the achievement of higher efficiency 
and resultant miniaturisation of electronic components ‘ . 
This involves developing new compositions as well 
as microstructures. In addition to improving the 
properties of conventional crystalline soft magnetic 
materials, efforts are being made to develop metastable 
structures with improved soft magnetic properties. For 
example, the technique of rapid quenching from melt 
has been used in order to achieve Fe-Si alloys with 
enhanced Si solubility. In early 70’s, development of 
transition metal-metalloid type of metallic glasses 
using melt-spinning technique was a major advance 
towards achieving better soft magnetic properties in 
metastable/non-equilibrium alloy phases. The metallic 
glass composition suitable for soft magnetic 
applications are either based on Fe or on Co. The Fe 
based amorphous alloys possess high saturation 
magnetisation but at the same time they have high 
magnetostriction, thus resulting in strong stress induced 
anisotropy causing the coercive field to increase. On 
the other hand Co based amorphous alloys can have 
almost zero magnetostriction but their saturation 


magnetisation is relatively low as compared to Fe 
based alloys. Thus a compromise between high 
saturation magnetisation and low coercive field has to 
be reached. In late 80s Yoshizawa et al, discovered 
another class of non-equilibrium microstructure^-^ 
consisting of nanocrystalline grains dispersed in 
amorphous matrix (Fig. 1 ) which possess soft magnetic 
properties far superior to those of amorphous alloys. 
Yoshizawa et ai, found that FeSiB alloy containing 
small amount of Cu and Nb, when subjected to 
controlled partial crystallisation resulted in 
precipitation of a primary Fe-Si crystalline phase 
with grain size ~ lOnm. This composite structure 
con.sisting of nanocrystalline grains of Fe-Si alloy 
dispersed in the remaining amorphous matrix was 
found to possess a unique combination of low 
losses, high permeability and nearly zero 
magnetostriction similar to the Co based amorphous 
alloy, but at the same time possessing a very high 
saturation magnetisation of upto 1.3 Tesla which is 
even better than that possessed by Fe based amorphous 
alloys. This result was some what unexpected because 
it is well known that the crystallisation of amorphous 
alloys optimised for soft magnetic application results 
in drastic deterioration of their soft magnetic properties. 
Further, the combination of small grain size and soft 
magnetic properties is rather surprising because 
generally particle size reduction is done in order to 
improve the hard magnetic properties. The reduction 
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nanociystals 


amorphous 

phase 


Fig. 1 Schematic presentation of the microstructure of 
nanocrystalline alloys 

of particle size to the regime of the domain wall size 
is a well known approach to subdivide the material 
into single domain particles, which increases the 
coercive field towards a maximum value 
determined by the anisotropy present. However, if the 
particle size is reduced further, the coerci vity decreases 
again due to thermal effects. This point becomes clear 
from the Fig. 2 where coercive field is plotted as a 
function of grain size for different magnetic 
materials^. Conventionally, in order to increase the soft 
magnetic property, attempts have been to make the 
grain size as large as possible so as to obtain low 
coercivities and high permeability. However, from 
Fig. 2, it is evident that low coercivity can also be 
achieved by going to particle size of a few tens of 
nanometers. This situation is realised in the case of 
superparamagnetic particles where the coercivity 
decreases because of thermal excitations in isolated 
or weakly coupled particles. 

In the superparamagnetic regime although the 
coercivity vanishes, the permeability also goes down 
drastically, as large magnetic fields are needed to 
produce appreciable change in magnetisation. Thus, 
superparamagnetic nanocrystalline particles with 
weak intergranular magnetic interactions are not 
good soft magnetic materials. In contrast to this, in 
the case of nanocrystalline alloys produced by partial 
crystallisation of amorphous phase, strong magnetic 
interaction between individual grains exists via the 
intervening amorphous matrix, and thus at room 
temperature the grains are aligned ferromagnetically 
with respect to each other. Magnetic softening occurs 
because the grain size as well as the intergranular 
spacing is smaller than the ferromagnetic exchange 
length, so that the local anisotropies are randomly 
averaged out by the exchange interaction and the 
average anisotropy becomes very low^. The role of 
intergranular interaction via the amorphous matrix 
is evident from the temperature dependence of the 
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Fig. 2 Grain size dependence of the coercivity of 
various soft magnetic materials*^ 


coercive field as well as the initial permeability as 
depicted in Fig. 3. Further the magnetostriction of the 
amorphous and nanocrystalline phases being 
opposite in sign, they tend to cancel each other and 
therefore, the average magnetostriction of this 
composite material decreases with progressive 
degree of nanocrystallisation (Fig. 4), and thus, a very 
low magnetostriction is achieved for optimum 
volume fraction of nanocrystalline phase^\ Thus, the 
peculiar soft magnetic properties of this composite 
material arise as a result of combined magnetic 
response of the nanocrystalline grain and amorphous 
matrix, which are both in ferromagnetic state at 
room temperature. 

The pioneering work of Yoshizawa et aL has lead 
to intensive activities in this field aiming at developing 



Fig. 3 Tertiperature dependence of the coercive field 

and initial permeability ju. of nanocrystalline 

3 . 5^9 
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Fig. 4 The saturation magnetostriction 1^. of 

Fe 73 ^CujNb^Sij^^ as a function of increasing 
degree of nanocrystallization achieved by annealing 
at successively higher temperature (T.^) for 1 h 

a detailed understanding of the formation of 
nanocrystalline phase, and their unique magnetic 
properties. Extensive efforts are also being made for 
finding alternative alloy compositions. In addition 
to FeCuNbSiB alloys, a number of other 
amorphous alloy compositions like FeZrB^, FeHfC^ 
have been found which also exhibit similar 
nanocrystallisation behaviour and improved soft 
magnetic properties. From the application point of 
view efforts are also being made to improve the 
mechanical properties of nanocrystalline alloys; the 
nanocrystalline alloys achieved through conventional 
heat treatment are extremely brittle and thus very 
difficult to handle. It has been shown that 
nanocrystallisation achieved through Joule 
heating by passing an electrical current of 
sufficient density through the sample results in 
nanocrystallisation with improved ductility^. 
For some specific applications material with 
anisotropies along specific directions are desirable. 
Various external perturbations like magnetic field 
and stress application during nanocrystallisation 
have been used to induce such anisotropy^’ 

2 Formation of Nanocrystalline Phase 
Although nanocrystalline alloys can be produced in 
a variety of ways like, gas phase condensation, plasma 
processing, mechanical alloying, etc., however, the 
requirements of a strong intergranular magnetic 
interaction and other microstructural requirements 
necessary for the soft magnetic properties rule out most 
of these techniques. Till now the only technique 
suitable for obtaining nanocrystalline soft magnetic 


alloys is the controlled partial crystallisation of 
amorphous alloys. The typical amorphous alloy 
composition which yields nanocrystalline structure 
with good soft magnetic properties is 
Fe73 ^Cu , Nb^Si j 3 5B9. Fig. 5 gives the DSC thermogram 
of the amorphous Fe73 5CUjNb3Sij3 ^B^. Since the 
alloy composition is hypoeutectic, it is expected to 
crystal ise in two steps: in the first step a primary phase 
would precipitate out till the composition of the 
remaining a-phase becomes eutectic. In the second 
step the remaining a-phase crystallises through eutectic 
transformation. Accordingly the DSC thermogram 
exhibits two exothermic peaks. Nanocrystalline phase 
is obtained by annealing the amorphous alloy at 
temperatures in the range of the first crystallisation 
peak in the DSC thermogram, i,e., 450 to 600^C. The 
resulting microstructure consist of randomly oriented 
ultra fine grains of bcc FeSi alloy dispersed in the 
remaining amorphous matrix. Volume fraction occupied 
by the nanocrystalline grains primarily depends upon 
the boron concentration and ranges from 70-80%. 
Nanocrystalline microstructure and the resultant soft 
magnetic properties are rather insensitive to the precise 
annealing treatment within a wide range of annealing 
temperature and time‘L. 



Fig. 5 DSC thermogram of the amorphous 
PSj.5Cu,Nb,Si„,B, 


The kinetics of nanocrystalline phase formation 
has been studied using time resolved X-ray diffraction 
and small angle X-ray scattering measurements*^ *^. 
Time resolved XRD measurements*^ showed that the 
nanocrystalline grains grow via a diffusion controlled 
mechanism (Fig. 6). Variation of lattice parameter with 
annealing time was taken as an evidence for a 
significant change in the composition of the 
nanocrystalline grains with increasing crystal size. 
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Fig. 6 Growth of nanocrystals during annealing of 
Fe^^^Cu,Nb^,Si, 3 ^By , at 490 °C. A linear fit to 
the data of crystallite diameter verses t‘'^ gives a 
diffusivity of mV *- 

In a subsequent time resolved X-ray diffraction 
study of the nanocrystalline transformation in 
Fe72CuiNb45Sii3 5B9 alloy, a DC current of 7 . 8 A was 
passed through the specimen for in-situ heating during 
the measurements. With annealing time the crystallite 
size grows and saturates at a value of about 16 nm 
(Fig. 7 a ). The lattice parameter initially shows a large 
decrease with, increasing volume fraction of 
nanocrystallite phase, however for larger annealing 
times it shows a slow increase (Fig. 7 b). 



Fig. 7 Fractional area, grain size and lattice parameter of 
crystalline component vs. annealing time as deduced 
from the time resolved wide angle scattering patterns 
of amorphous alloy submitted to 

in situ 7.8 A current annealing for the times indicated 


The initial decrease in the lattice parameter may 
be either because of a variation in the composition of 
the nanocrystalline grain as suggested by Kdster 
etal. ‘-and also by Varga et al. '"‘or the other possibility 
is that the decrease in J-spacing is because of variation 
in the tensile stress on the nanocrystallinc grains 
exerted by the surrounding aitiorphous phase 
Since the density of the crystalline phase is higher than 
that of the amorphous matrix, formation of 
nanocrystalline grain is accompanied by a shrinkage 
in the volume. Therefore, the amorphous matrix will 
exert a tensile stress on the nanocrystalline grain 
causing an increase in the lattice parameter. With 
increasing size and amount of nant^rystalline grains, 
the magnitude of the tensile force exerted by the 
amorphous matrix decrease causing the lattice 
parameter to decrease. A strong correlation between 
the decrease in the lattice spacing and increase in the 
grain size suggest that the initial decrease in parameter 
is primarily due to decrease in the tensi le stress exerted 
by the surrounding amorphous matrix. The slower 
increase in the lattice parameter for longer annealing 
time may be due to some out diffusion of Si from the 
nanocrystalline grains. Mossbauer studies provide 
some indirect evidence of variation of Si concentration 
in the nanocrystalline grains with annealing time'^. 

The effect of the variation of the Si and Nb 
concentration in the parent amorphous phase on the 
nanocrystallisation process was studied through the 
amorphous to crystalline transformation in four 
specimens of compositions: <,Cu jNb^Si 

(specimen A), Fe.73 ^CujNb^Sij^ (5;>pccirnen B), 
Fe7o.5CujNb4 ^Si (specimen C), 

Fe72CUjNb4.^Si|3 (specimen Table I gives 
the lattice parameter and the crystallite size of the 
na'nocrystalline grains after the completion of the first 
crystallisation step. From Table I, it may be seen that 
theaveragecrystallite size in specimens C & D is lower 
as compared to that in specimen A & B respectively. 
This shows that both addition of Nb as wel 1 as Si causes 
the final crystallite size to decrease. 

Presence of Cu and Nb, though in small quantities, 
is crucial for the formation of nanocrystalline structure. 
In the absence of Cu and Nb, crystallisation of FCvSiB 
amorphous alloy results in formation of rather coarse 
grains with size - 1 OOnm and shows a distinct variation 
with the annealing temperatures and time. wSmall 
amounts of Cu and Nb strongly affect the Nucleation 
as well as growth process and result in the formation 
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Table I 


The line position, integral width and the crystallite size of the 
specimens after the completion of the first crystallization step 


Specimen 

Line 

position 

(degrees) 

Integral 

width 

(degrees) 

Crystallite 
size (A) 

1 1 ('.5 

45.12 

0.016 

103 

3,5 

45.12 

0.132 

126 

P®7().5^“ 1 ^*^4.5^’ 1 (i 

44.95 

0.021 

78 

Fe7,,CU|Nb4,Si|,, 



45.1 1 

0.016 

106 


of nanocrystalline structure. Fig. 8 shows the DSC 
thermograms of FeSiB metallic glass without any 
addition as well as with addition of Cu or Nb or both 
of them. One can see that the crystallisation kinetics 
gets strongly effected by the addition of Cu and Nb. 
Table TI summarises crystallization temperature of 
various crystallisation steps and their activation 
energies. The DSC thermogram of the specimen 
without Cu and Nb consists of two somewhat 
overlapping exothermic peaks. The first step 
corresponds to precipitation of bcc FeSi alloy while 
in the second step Fe-B compound precipitates out 
However, addition of just one percent Cu results in 
substantial lowering of the activation energies of the 
first crystallisation step bringing out a clear separation 
between the two. On the other hand addition of Nb 
increases the stability of the amorphous phase markedly 
and the amorphous to crystalline transformation occurs 
in a single step. Addition of both Cu and Nb causes 
the two crystallisation steps to separate again and also 
significantly effects the shape of the crystallisation 
peaks: Both the crystallisation peaks are very flat and 
wide suggesting much slower kinetics of crystallisation 
for this alloy. It has been suggested that due to low 
solubility of Cu in Fe, addition of Cu in the amorphous 
alloy leads to the formation of Cu rich clusters which 
act as nucleation site for the crystalline phase. Thus 
addition of Cu would enhance drastically the nucleation 
rate of the crystallites bringing down the activation 
energy of the first crystallisation step. The presence 
of Nb seems to promote further the formation of Cu 
rich cluster‘d. In some recent 3D atom probe (3DAP) 
field ion microscopy formation of Cu clusters prior 
to crystallization has been observed^^. Figs. 9 (a), (b) 
and (c) show 3DAP elemental maps of Cu within 
analysed volumes of 10 X 10 x 40 nm in the as-melt- 
spun specimen and in the specimens annealed for 5 



Fig. 8 DSC thermograms of FeSiB metallic glass without 
any addition as well as with addition of Cu or Nb 
or both of them 


Table II 


Crystallization temperature and activation energies E for the 
various crystallization steps in FeSiB metallic glass without any 
addition as well as with addition of Cu or Nb or both of them 


Alloy Composition 

first step 

second step 


T,(K) 

E (kJ/mol) 

T, 

E (kJ/mol) 


799 

295±9 

835 

287±8 


749 

235±8 

826 

252±1 

Fe74,Nb3Sij3,By 

875 

347±8 



FCj^^Cu , Nb^s i , 3 

822 

321 ±8 

972 

456±19 


and 60 min at 400°C, respectively. In the as-melt-spun 
specimen, Cu distribution is uniform, confirming that 
the as-melt-spun specimen is a chemically 
homogeneous solid solution. In the specimen annealed 
for 5 min at 400‘^C, heterogeneous distribution of Cu 
atoms is apparent, indicating that clustering of Cu 
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Fig. 9 3DAP elemental mapping of Cu of melt-spun 
Fe ^3 ^CUjNb 3 Si ^3 alloy ribbon (a) as-qucnchcd, 
(b) annealed for 5 min at 400°C, and (c) annealed 
for 60 min at 400‘^C20 


atoms occurs. After a 60 min annealing at 400°C, 
clustering of Cu atoms is observed more clearly. 
Separate TEM observation results confirmed that no 
crystallization occurs up to 60 min at 400^C, thus the 
clustering observed in this analysis occurs in the 
amorphous phase. The number of atoms in each cluster 
is in the range of 50 to 100, and the size of the clusters 
is approximately 3 nm. The density of the Cu clusters 
estimated from the analyzed volume is in the order 
of 10^"^ m"^. Based on the extended X-ray absorption 
fine staicture (EXAFS) measurement results, Sakurai 
et and Ayers et alp- reported that Cu atoms form 

clusters having near-fcc symmetry from the very early 
stage of the heat treatment with some evidence of 
their presence even in the as-melt-spun amorphous 
alloy. Thus, the Cu clusters observed in the 3DAP data 
are believed to have a fcc-like short range structure. 
Such Cu clustering appears to be common in Cu 
containing Fe based amorphous alloys. For example, 
Suzuki etal.^^ reported that the addition of 1 at.% of 
Cu in Fe-Zr-B amorphous alloy causes a reduction of 
the grain size leading to better soft magnetic 
properties in the final nanocrystalline microstructure. 
Clustering of Cu in this system was also confirmed 
prior to the crystallization reaction, by AP analysis^^ 
The assumption that Cu clusters serve as 


heterogeneous ruicleation sites for the a-F'e primary 
crystals is quite reasonable, hut direct evidence for this 
mechanism is very difficult to obtain because the sizes 
of the Cu clusters and the primary particles are 
both extremely fine. However, in the case of a 
nanocrystallinc Fe-Zr-B-Cu alloy, C'u clusters were 
found in intimate contact with the primary a-Fe 
particles by APFIM*-''. F'ig. 10 show's 3! )AP elemental 
maps near a Cu precipitate in the Fe^^ ^Si^ ^ ^IC^Nb^CUj 
alloy annealed at 55()'’C for 1 0 min. The (^i precipitate 



Depth ( nm) 


Fig. 10 3DAP elemental mappings of Cu, Nb, B and Si 
atoms near a Cu ciu.ster in a melt-spun Fo^ 3,5 
B^Nb 3 CUj alloy annealed for 60 min at 40d^C and 
(b) the corre.sponding concentration depth profiles 
obtained from the same analyzed volume*^^ 
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is in direct contact with the Fe-Si particle, which 
suggests that Cu provides nucleation sites for 
the Fe-Si primary crystals“^\ The Fig. 1 1 illustrates 
schematically the amorphous to nanocrystalline 
transformation in Fe-Cu-Nb-Si-B system. Addition 
of Nb also retards the growth of the crystallites. 
Thus, an enhanced nucleation rate due to Cu addition 
and retardation of the growth process owing to the 
presence of Nb results in restricting the grain size to 
about 10 nm. 


function of annealing time at 540^C. The Mossbauer 
spectra were fitted with 5 overlapping sextets; one 
broad sextet corresponding to the remaining amoiphous 
phase and four sharp sextets corresponding to different 
Fe sites in the nanocrystalline phase. The following 
analysis of Mossbauer spectra shows that the 
nanocrystalline grains are essentially nonstoichiometric 
Fe 3 Si phase with small degree of disorder (i.e., a small 
fraction of Si atoms also occupy iron sites). 


Fe~13.5 Si-9 8“3 Nb-ICu amorphous aUoy (FiNEMET) 
ASQ Clustering of Cu 


Heterogeneous 
nucleation of a-Fe 


Optimum Stage 


amorphous 


amorphous 




SAW 



Cu rich 


■ * 

In. • ■ 

^ r 




Cu rich 1 


t B enriched 
amorphous 


Fe-Si bcc 


Primary 


residual 

amorphous 


Fig. 1 1 Schematic representation of microstructural evolution in melt-spun Fe^^ ^ Si,^ ^ B^Nb^ Cu, amorphous alloy during 
primary crystallization-^ 


3 Structure of the Nanocrystalline Grains 

X-ray diffraction measurements suggest that the 
nanocrystalline grains have bcc structure with lattice 
parameters about 5% smaller than that of a iron. 
Mossbauer spectroscopy provides a much more detailed 
information about the stoichiometry and structure of 
the nanocrystalline grains^^. Fig. 1 2 gives the Mossbauer 
spectrum of the specimen Fe «73 ^CujNb^Sijg^B^ as a 



Velocity {mm j s) 


Fig. 12 Room-temperature Mossbauer spectra of 
amorphous Specimen Fe 73 ^CujN^Si,^ as a 
function of annealing time at 540 °C: (a) 0 min; 
(b) 2 mins; (c) 10 mins; and (d) 25 mins 


The possible structure of nanocrystalline grains, 
having an overall concentration, c, of Si (c = 0.25), 
can be as follows: 

i) A Random Solid Solution of Si in a~Fe: This 
would be the case when all the Fe sites are 
equivalent and they are randomly occupied by 
Si atoms with a probability ‘c’. In this configuration 
the probability of an Fe atom having 'F Si nn and 
(8-r) Fe nn will be given by: 

P(r) = (I ...(1) 

The values for these probabilities for c=0.2 and 
the corresponding hyperfine fields as taken from 
literature^^ are given in Table III. 

ii) An Ordered Stoichiometric Fe Structure: In this 

case, there will be only two possible Fe sites: 
a) Fe atoms on A site with 4 Fe nn and 4 Si nn 
and b) Fe atoms on D sites having all 8 Fe nn. 
The relative number of A and D sites are 2:1. 
Therefore, the area ratio of the two Mossbauer 
subspectra corresponding to A and D sites will also 
be 2: 1 . The hyperfine field values of A and D sites, 
as taken from Stearns-^, are 31.1 T and 20.2 T 
respectively ( Table III). 
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Table III 

The possible Fe sites and their hyperfiiie field parameters in 
a‘Fe(Si) solid solution as well as ordered/disordered and/or 
stoichiornetric/nonstoichiometric FeSi. Sites SS, S7, S6 and S5 
correspond to Fe atoms in a-Fe lattice with 8 Fe, 0 Si nn: 7Fe, 
JSi nn; 6Fe, 2 Si nn and 5 Fe, 3 Si nn respectively. Site D8 is 
the D site in DOj structure with 8 Fe nn, A4, A5, A6 are the A 
sites in DOj structure with 4 Fe, 4Si nn: 5 Fe, 3 Si nn and 6 Fe, 
2 Si nn respectively 


Configuration 

Sites 

Bhf 

Probability 

Probability 



(T) 

for 

for 




c=0.25 

c=0.2 


S8 

32.4 


0.17 

a-Fe(Si) 

S7 

30.5 


0.33 

solid solution 

S6 

28.2 


0.29 


S5 

23.6 


0.15 

Ordered- 

stoichiomeiric 

D 

31.1 

0.33 


Fe^Si 

A 

20.2 

0.66 



D8 

31.1 


0.33 

Ordered 

A4 

19.5 


0.27 

nonstoichiometric 

Fe^Si 

A5 

24.3 


0.27 

A6 

28.2 


0.1 


iii) An Ordered Nonstoichiometric Fe:fSi: In case the 
overall concentration c of Si, is less than 0.25, 
some of the Si sites will be replaced by Fe atoms. 
Thus there will be more than 1 environment for 
Fe atoms sitting at A site: 4 Fe nn, 4 Si nn (A4); 
5 Fe nn, 3 Si nn (A5); 6 Fe nn, 2 Si nn (A6). The 
probability of an iron atom on A site having an 
environment of (4-r) Si and (4 +a') Fe nn is given 
by 

P{Ap = ... (2) 

where, C=4(0.25-c) = (l~4c), is the fraction of Si 
sites (in DO3 structure) occupied by Fe atoms. 
The above expression is written by arguing that 
in a Si deficient Fe3Si the probability that one of the 
Si atom is replaced by an Fe atom is C. The hyperfine 
field of these environments are given in Table IlP^. 
All the Fe atoms on D site will still have 8 Fe nn only 
and thus only one possible environment with a 
corresponding hyperfine field of 31 T. In the 
Mossbauer spectra the area of the subspectra 
corresponding to D site relative to that of the sum of 
all the A sites will be (0.5-c):0.5. Thus, for c<0.25 the 
area of D site will be more than half of the area under 
all the A sites together. 

iv) A Partially Disordered Nonstoichiometric Fe^Si: 
In the most general case one can assume that the 
system is slightly disordered, i.e., a small fraction 


of A sites (say is occupied by Si and also the 
system is nonstoichiometric, i.e. the fraction of D 
sites occupied by Si atoms is less than 50%. 
In this case the probability of an Fe atom on A 
site having (4-r) Si and (4+r) Fe nn 
fraction if Si sites occupied by Fe given by 

P(A^) = 1 -C)(4-r) (3) 

where C = 

The Fe atoms at D sites can have nn configurations 
as 8 Fe, 0 Si (D8); 7 Fe, 1 Si (D7); 6 Fe, 2 Si nn (D6) 
etc., with the probability of having r Si and (8-r) Fe 
nn given by 

F(r) = sc^c/ ...(4) 

Assuming that the substitution of 1 Fe nn by Si 
causes the hyperfine field to decrease by about 4 T, 
the hyperfine field of sites with 8 Fe, 0 Si nn; 7 Fe, 
1 Si nn and 6 Fe, 2 Si nn will be approximately 3 1 
r, 27 T and 23 T respectively. 

It may be noted that the hyperfine field of site A5 
is approximately equal to that of site D6 and that of 
site A6 approximately equal to that of site D7. Thus, 
in this case also one will have only four subspectra 
with hyperfine field of 31 7, 28 7, 24 7 and 20 7. 
However, the area under the subspectra with 31 7 
hyperfine field can be even less than half of the sum 
of the area under the subspectra (28 7+ 24 7 + 20 7), 
depending upon the value of c^. The overall 

concentration of Si in the grains would be . 

In Table IV the relative areas of the four subspectra 
are given for the values of and Cp which best fit 
the experimental data of the nanocrystallized 
specimen. One may note that the relative areas of the 
four subspectra agree very well with the calculated 
values. On the other hand, field values and the expected 
relative areas on the basis of the other three models 
do not agree with the experimental values. This 
suggests that the nanocrystallized grains consist of 
partially disordered nonstoichiometric Fe^Si with Si 
concentration —22%. However; the degree of disorder 
in the system is very small, the fraction of A sites 
occupied by Si being about 1 % only. It may also be 
noted that the Si concentration in nanocrystalline 
grains is significantly higher than the overall Si 
concentration in the parent amorphous alloy. 

Role of Nb in Inhibiting Grain Growth 

From a number of studies, it is well accepted that 

presence of Nb in the parent amorphous phase causes 
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Table IV 

Fitted (RA)p. and calculated (RA)^ values of relative areas and 
the corresponding concentration of Si occupying A sites, 
c^, and D site, c^ for the nano crystallized specimen 
^^73.5^^ 1^^.3^h6.5^ 6 


Bhf (T) 

(RA)j, (%) 

(RA)^. (%) 



31.7 

30.4 

31.6 



28.6 

8.9 

10-6 

0.95 

21.4 

24.7 

25.0 

23.2 



19.8 

35.7 

34.0 




inhibition of the grain growth resulting in the 
nanocrystalline structure^^’^^. The possible mechanism 
for the inhibition of the grain growth has been 
suggested as out-diffusion of Nb from the nanocrystals 
and its segregation at grain boundaries, thus, inhibiting 
the further growth of the grains. In a high resolution 
transmission electron microscopic study of 
nanocrystallisation in Fe^^ ^Cu^Nb^Sip selective 
area energy dispersive X-ray analysis was used to 
obtain the elemental composition of the nanocrystalline 
grains and the remaining amorphous matrix^*. Using 
the beam spot size of about 2.4 nm, measurements 
were done from the amorphous as well as crystalline 
regions. It was concluded that the crystalline phase 
contains less Nb than the amorphous phase. However, 
in this study an upper estimate for the Si concentration 
in the crystallined phase was obtained as = 13.5, 
which is significantly lower than that estimated from 
other measurements . In order to get further information 
about the presence of Nb in the crystalline phase, the 
Mossbauer spectra of nanocrystalline grains was 
compared with that of crystalline alloys of 
stoichiometric Fe^Si with and without 3% Nb Le., 
having composition Fe^^^Si^^ and Fe 72 Nb 3 Si 25 . The 
Mossbauer spectra of these two crystalline compounds 
are shown in Fig. 13, and the results of the computer 
fitting of the spectra are summarised in Table V. 
Addition of 3% Nb gives rise to an additional singlet 
in the spectrum. From Table V one finds that the singlet 
is formed mainly at the expense of the hyperfine field 
component with 20 T field, and suggests that Nb 
preferentially goes to D site and the singlet mainly 
corresponds to Fe atoms with three Fe nn, one Nb near 
neighbour and four Si nn. On comparing the Mossbauer 
spectra of cry^stalline Fe^Si and Fe3Si:3% Nb with the 
spectra of nanocrystalline phase one finds that in the 
Mossbauer spectrum of nanocrystalline alloys there 
is no singlet present. Thus, Nb does not go 
substitutionally in the nanocrystalline grains as it 
would have preferentially reduced the area under the 


hyperfine field subspectrum corresponding to A4 site. 
Furthermore, segregation of Nb at the surface of the 
grains should have given rise to atleast a small singlet 
corresponding to the fraction of iron atoms on A4 site 
at the surface. Thus the Mossbauer spectra give 
evidence against segregation of Nb atoms around the 
nanocrystalline grains. 



Fig. 13 Room temperature Mbssbauer spectra of the alloys 
(a) Fe 3 Si and (b) (Fe:3% Nb ) 3 Si 

Table V 


The results of the fits of Mossbauer spectra of the alloys Fe^Si 
and FeJSi:3% Nb 


Alloy 

composition 

Isomer shift 
(mm/s) 

B„. (T) 

Rel. Area {%) 


0.075 

30.80 

25.2 

Fe,Si 

0.253 

19.85 

56-0 

0.108 

27,70 

8.4 


0.158 

24.98 

10.4 


0.072 

30.92 

22.8 


0.250 

19,89 

40.6 

Fe,Si:3% Nb 

0.066 

27.70 

8.4 


0.157 

24.71 

12.5 


0.033 

0 

15.7 


In Fig. 14, is plotted the width of hyperfine field 
distribution of the remaining amorphous component 
as a function of the degree of crystallization in various 
specimens'"^^. The width of the hyperfine field 
distribution increases with increasing crystallization 
due to increasing chemical inhomogenity in the 
amorphous phase. It may be noted that during the first 
stage of crystallization primary crystallites of Fe 3 Si 
or a bcc Fe-Si solid solution are formed. Thus the boron 
atoms from the volume of crystallites are expelled out 
and they diffuse into the remaining amorphous matrix. 
Because of the finite diffusivity of boron in the 
amorphous phase, B will have a concentration gradient 
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in the amorphous phase, its concentration being higher 
at the grain boundary. This gives rise to the broadening 
of hyperfine field distribution of amorphous phase 
with crystallization. Similarly, the expulsion of Nb 
from the grains may also contribute to the broadening 
of the field distribution. From Fig. 14, it may be noted 
that in the case of Nb-containing amorphous alloys 
the width of the hyperfine field distribution of the 
remaining amorphous phase increases at a much faster 
rate with crystallization as compared to that in 
amorphous alloy without Nb. Further the slope of 
AH/<H> versus amount of crystallization is steeper 
in the case of alloy containing 4.5 % Nb as compared 
to those containing 3% Nb. Thus, Mossbauer studies 
suggest that Nb diffuses out of the crystallites but it 
does not just get segregated at the grain boundaries, 
rather it diffuses into the amorphous matrix giving rise 
to a concentration gradient of Nb. 


magnetostriction drops to almost zero''*^. The excellent 
soft magnetic properties in the nanocrystalline state 
is achieved as a result of an averaging of various 
properties over the exchange correlation length. 
Individual nanocrystalline grains possess large 
magnetic anisotropy, however, the easy direction of 
individual grains are randomly oriented. Within the 
random anisotropy modeP^, in case the exchange 
length is much greater than the grain size D the 
effective anisotropy will be obtained by averaging 
over the nanocrystalline grains within a volume 
of (Fig. 15), and can be written as <K> « 

where is the anisotropy of individual 
grains. One can see that the average anisotropy 
decreases with the grain size. The exchange length 
in turn is given by (A/<K>) where A is the exchange 
stiffness constant. This leads to a reduction in the 
coercivity according to the relation 


■ 0 . 6 - 



20 30 40 ■' 50 ' ' 

Amount of crystallization (•/•) 

Fig. 14: Width of the hyperfine field distribution, AH/<H>, 
as a function of the amount of crystallization in 
the specimens A) 

B) P®73.5f^UjNb^Si|2 56 ^, 

D) Fe.jr 2 f'^il ^4 5 Si |3 and FeygSigBj^ 

4 Magnetic Properties 



S(?)N=Vj,-(Lex/0)^ 


<K>= 


Vcr * Ki 

JW 


Fig. 1 5 Schematic representation of the random anisotropy 
model for nanocrystalline grains embedded in an 
ideally soft ferromagnetic matrix. The double 
arrows indicate the randomly fluctuating anisotropy 
axes, the hatched area represents the ferromagnetic 
correlation volume determined by the exchange 
length L^^=(A/<K>)‘^ ^ 




JA'^ 


... (5) 


Nanocrystalline alloys with the composition 
f^74.5-x^x^3^^22.5-y^y Bavc been investigated 
in order to understand their peculiar magnetic properties. 
In particular the alloy with the composition jc=l and 
3?=9 shows very soft magnetic properties with 
coercivities, of the order of 0.0 1 A cm"^ and initial 

permeabilities, //j, of the order of 10^ after annealing 
from the amorphous phase for 1 h in the temperature 
range 480-550®C^^. At the same time the saturation 


where 7. is the exchange interaction. Thus for small 
crystallite size the coercivity decreases as with 
decreasing grain size. This behaviour has been 
confirmed experimentally as sh6wn in Fig. 16. The 
reduction in the magnetostriction can be explained by 
a balance between the crystalline and amorphous 
phases. The saturation magnetostriction^'^ of bcc 
^^ 80^^20 6 X 10~^, while for the amorphous 

matrix ~+20 X 10'^ Therefore, the average 
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magnetostriction can be written as 
(l-Vp^si)* where is the volume fraction of 
nanocrystalline phase. Thus with the increasing 
volume fraction of FeSi the average magnetostriction 
decreases and approaches to a value -1x10'^ as shown 
in Fig. 17. 



Fig. 16 Grain size dependence of the coercive field of 
iron based nanocrystalline alloys 

The final magnetic properties depend upon 
microstructure as well as composition of the 
nanocrystalline and the remaining amorphous phases. 
For example, value of as well as depends on 
silicon content^. Therefore, the concentration of boron/ 
silicon can be a very important factor influencing 
magnetic properties of nanocrystalline Fe-based 
alloys^^’^^. 



Fig. 17 Dependence of the saturation magnetostriction on 
the volume fraction of the nanocrystalline grains 
in Fe -73 ^Cu^Nb^Sij^ 5 B .7 • 


4,1 Magnetization Behaviour of Nanocrystalline 

Alloys 

Temperature dependent magnetization studies in 
Fe 73 5 CUjNb 3 Sij^ alloy with different 

degrees of nanocrystallization have been done 
using Mossbauer spectroscopy*"^^. Some 
representative Mossbauer spectra are shown in 
Fig. 18. The spectra can be fitted to obtain the 
temperature dependent magnetization of the 
amorphous and nanocrystalline components 
separately. 


c 

<x> 


< 1 > 

cr 



Velocity (mm/ s) 


Fig. 1 8 Temperature dependent Mossbauer spectra of alloy Fe ^3 5 CujNb 3 Sijg : a) in as-prepared amorphous state, and 
b) after nanocrystallization by annealing at 540°C for 25 min 
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Magnetic Behaviour of Amorphous Phase 

Fig. 19 shows the temperature dependence of the 
reduced hyperfine field of the amorphous component 
of the specimens annealed at 540°C for 10 min (A 10) 
and 25 min (A25). In the critical region, the temperature 
dependence of the hyperfine field may be written as 

(T) = A(T-T)P ... (6) 

being the Curie temperature. In amorphous 
ferromagnets this behaviour is found to hold good over 
a much larger temperature range extending well 
beyond the critical region"^^ and Mossbauer 
measurements have been used to estimate the critical 
exponent /?. Table VI summarizes the results of the 
least square fitting of the high temperature data, of 
specimens with different annealing treatments, with 
eq. (6). Perusal of Table VI shows that initially the 
exhibits a small increase upon annealing for 2 mins, 
which may be attributed to the structural relaxation 
associated with annealing. For a higher annealing time 
a decrease in with increasing crystallization is a 
consequence of the enrichment of the amorphous 
phase in boron. In the as-received specimen the value 
of the critical exponent (3 is close to the theoretical 
value for athree dimensional Heisenberg ferromagnet^^ . 
With increasingcrystallization the value of /?decreases 
and for the specimen A25 it attains a value in between 
that for three dimensional and two dimensional 
systems'^ ^ It may be noted that as the amount of 
crystalline phase increases the thickness of the 
amorphous grain boundary phase would decrease, and 
for sufficiently thin grain boundary layer the 
dimensionality cannot be taken as 3, and the low 



Fig, 19 Temperature dependence of the reduced hyperfine 
field of the amorphous component of the specimens 

540°C for 10 min 

(AiO) and 25 min (A25) 


Table VI 

Results of the least square fitting of the high temperature data of 
the nanocrystalline produced by annealing 

at 540 ° C for different periods of time 


Annealing time (min) 

r, (K) 

p 

0 

600.5 

0.356 

2 

608.4 

0.334 

10 

567.6 

0.336 

25 

578.0 

0.264 


dimensional magnetic behaviour should be observed. 
From the known volume fraction of the nanocrystals 
and their average diameter, the thickness of the grain 
boundary layer for the specimen A25 is estimated to 
be ~ 42 A. Here it should be noted that, although the 
spins in the grain boundary layer also interact with 
those in the crystallites, this interaction is much weaker 
than that among the spins within the grain boundary 
layer. This point is supported by the fact that there 
exists a well defined 7^ for the amorphous layer which 
is only slightly affected by increasing amount of 
nanocrystalline phase (causing an increase in the 
interaction of the spins of the amorphous layer with 
those in crystallites). Thus, the temperature dependence 
of the magnetization of the amorphous layer is mainly 
determined by the interaction among the spins within 
the amorphous layer. 

In the low temperature range, the temperature 
dependence of magnetization comes from the excitation 
of the long wavelength spin waves. Following the 
Heisenberg model, the temperature dependence of 
hyperfine field can be written as 





...(7) 


The low temperature hyperfine field of the parent 
amorphous phase follows the above equation with 
values of B and C as 0.33 and 0.23 respectively. These 
values reasonably agree with those for the specimens 
with similar composition^^. On the other hand, in the 
specimens with substantial nanocrystallization, the 
low temperature hyperfine field does not follow the 
eq. (J\. A temperature dependent interaction between 
the amorphous and nanocrystalline phases can be one 
of the possible reasons for the deviation of the 
temperature dependence of low temperature 
magnetization from the eq. (7). 



NANOCRYSTALLINE SOFT-MAGNETIC ALLOYS 


43 


Perusal of Fig. 19 shows that around 75K the 
hyperfine field shows a steeper rise. Taking the 
dispersion relation for the spin waves as"^-^ 

E{k) ~ DK^ ... ( 8 ) 


the wavelength of the spin waves at a temperature T 
may be written as: 


A = Itt 


\ 1/2 


kj 


(9) 


With decreasing temperature, the wavelength of the 
spin waves will increase. When the wavelength becomes 
comparable to the width of the grain boundary, the 
excitation of the spin waves will be hindered, causing 
a steeper increase in the hyperfine field. For the k 
nown value of Z>, the temperature at which A becomes 
comparable to the grain size agrees well with the 
temperature at which the hyperfine field exhibits a 
steep increase. 



Fig. 20 Temperature dependence of the reduced hyperfine 
field of the nanocrystallites in specimens 
Fe?^ .jCu jNb^Si annealed at 540°C for 1 0 min 
(A 10) and 25 min (A25) 

temperature range 4.2-150 K, of both the specimens 
AlO and A25 with a relation. 


Magnetization Behaviour of Nanocrystalline 
Components 

The size of nanocrystals is small enough to qualify 
for single domain particles"^"*^. Several interesting 
magnetic effects are associated with such a small 
particle size. In case the thermal energy, is 
comparable to the magnetic anisotropy energy, KV, of 
a single domain particle, the magnetic moment of the 
particle exhibits superparamagnetic relaxation and the 
hyperfine field collapses to zero. Even below the 
superparamagnetic blocking temperature, the hyperfine 
field may be reduced to a value below that for the bulk 
system because of the thermally excited fluctuations 
of the magnetization vector in directions close to an 
easy direction of magnetization (collective magnetic 
excitations). On the other hand, an appreciable magnetic 
interaction among the nanocrystals may give rise to 
superferromagnetism in the system. 

It was found that for small annealing times, when 
the concentration as well as the size of the nanocrystals 
is small, the system exhibits superparamagnetism 
above the Curie temperature of the amorphous phase. 
For higher concentrations of the nanocrystalline grains, 
the system exhibits a superferromagnetic behaviour. 
Fig. 20 gives the temperature dependence of the 
reduced hyperfine field of the nanocrystallites in 
specimens AlO and A25. In the low temperature 
region, the reduced hyperfine field was found not to 
follow the relation (10). A fit of the data in the 


= 1+ ,..(10) 

gave the value of the exponent n close to unity, 
indicating an almost linear temperature dependence 
in this range. In the high temperature region, the 
specimen AlO exhibits a faster decrease in B^^T) as 
compared to the specimen A25 (Fig. 20), although the 
composition as well as the size of the nanocrystalline 
grains in the two specimens are equal. This peculiar 
behaviour of the magnetization may be understood in 
terms of the superferromagnetic interaction among the 
nanocrystalline grains: Since the thickness of the grain 
boundary layer is quite small, the magnetic dipole 
interaction between the neighbouring grains would 
cause a ferromagnetic coupling between them, given 

by, 

E.. = KjM^j ...( 11 ) 

where is the magnetic coupling constant for the 
interaction between the crystallites i and j\ and M. is 
the magnetization of the crystallite. A modified 
mean field theory for such a system gives the 
temperature dependent hyperfine field as"^^’"^^ 



B AT) 

t,(T) = — = L 

B„(T) 


3T 
^ 

T 


BJT) 


W) 


b(T) 


... ( 12 ) 


where L[ ] is the Langevin function, Bq(T) is the 
hyperfine field of the bulk, and is the magnetic 
transition temperature given by; 
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T = 


p 


mT) 



...(13) 


The temperature dependent hyperfine field of 
nanocrystalline phase at temperature above the Curie 
temperature of amorphous phase, and in the presence 
of dipole interaction among the grains, will be given 
by eq. (12). Since the composition and the size of the 
nanocrystalline grains of the two specimens are equal, 
the average magnetization of a grain, Mj, is expected 
to be equal in the two specimens. However, since the 
degree of crystallization in the specimen A25 is higher, 
the average spacing between two nanocrystalline 
grains in this specimen will be smaller than that in 
specimen A 10. This will lead to a higher value of 
and hence of in specimen annealed for longer time, 
and thus to a slower variation of hyperfine field with 
temperature. 


4.2 Magnetic Anisotropy 

Generally, it is believed that the initial degrees of 
topological disorder of the amorphous alloy should not 
affect the properties of the subsequent crystalline 
phase. However, it has been found that the initial as- 
cast state influences the subsequent nanocrystallized 
specimens. Knoble et al^'^ observed that the increase 
in initial permeability, upon nanocrystallization in 
Fe 73 5^9 ribbons is strongly influenced by 

the initial free volume content of each sample. Samples 
produced with higher quenching rate exhibited a faster 
transformation kinetics and stronger enhancement of 
the initial permeability in the nanocrystalline state. The 
quenched-in stresses in the as-cast state are found to 
affect the coercivity of the subsequent nanocrystalline 
state"^. 

The magnetic anisotropy induced in amorphous 
and nanocrystalline states by annealing in the presence 
of strong magnetic fields has also been studied. It may 
be noted that in soft magnetic materials, magnetic 
anisotropies are generally considered as disturbative 
factor causing coercive field, to increase and 
saturation magnetization to decrease. However, if 
properly controlled they can also be employed 
usefully to tailor the shape of the hysteresis loop 
according to the requirements of a given application. 
A common way to induce controlled magnetic 
^isotropy in magnetic materials is by magnetic field 
annealing. Magnetic field annealing induces a uniaxial 


anisotropy with the easy axis being in the 
direction of the magnetic field applied during the 
heat treatment. Yoshizawa and Yamauchi"^^ and 
Herzef*^ have extensively studied the magnetic field 
induced anisotropy in nanocrystalline alloys. The 
magnitude of is typically 5 to 50 J/m^ depending 
upon the annealing conditions and the alloy 
composition. Almost perfect rectangular and flat loops 
are obtained after field annealing. This indicates 
that the induced anisotropy dominates over the 
magnetocrystalline and magnetoelastic anisotropies. 
Still is small enough to yield permeabilities of 
several 10 "^. 

The field annealed samples mostly reveal a slightly 
smaller coercivity than the samples annealed without 
field although the total anisotropy present is several 
times larger. This can be understood from the fact that 
the major contribution to coercivity arises from spatial 
fluctuations of the anisotropy only, and the more 
simple domain configuration after magnetic field 
annealing. 

Yoshizawa et have studied the influence of 
the annealing conditions on the induced magnetic 
anisotropy while Herzef"^ has studied in detail, effect 
of the alloy composition within the Fe-Cu-Nb-Si- 
B system. The experimental data indirectly suggests 
that the uniaxial anisotropy is mainly induced in the 
bcc Fe-Si grains probably by atomic pair ordering 
of the Si-atoms. This is indicated i) by the fact that 
the anisotropy is induced at annealing temperatures 
far above the local Curie temperature of the residual 
amorphous matrix and ii) by the correlation found 
between and the nanostructure data^"'^. Mossbauer 
spectroscopy has been used to obtain the spin texture 
in the nanocrystalline grains and the amorphous grain 
boundary region separately in the specimens annealed 
with and without external magnetic fields'***. The 
Mossbauer measurements support the earlier 
observation that the anisotropy is induced mainly in 
the nanocrystalline grains. The anisotropy normalized 
to the crystalline volume fraction, Le. is a 

well defined function of the Si-content in the a-Fe(Si) 
grains comparable with the corresponding literature 
data for conventional Fe-Si alloys'^^ in particular, the 
decrease in can be understood from the increasing 
long-range order (DO 3 superlattice structure) with 
increasing Si-content which reduces the available 
lattice sites for directional ordering. 
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5 Conclusions 

Controlled partial crystallisation of some amorphous 
alloys like FeCuNbSiB leads to the formation of 
nanocrystallites dispersed in an amorphous matrix. 
This composite system is found to possess excellent 
soft magnetic properties, which even surpass those of 
transition metal-metalloid metallic glasses. Studies 
have shown that presence of Cu and Nb, though in 
small quantities, is essential for the formation of 
nanocrystalline structure. During initial stages of 
annealing Cu segregates out and forms nanoclusters 
which act as nucleation sites for the primary phase 
consisting of bcc Fe-Si. Nb comes out of the primary 
crystallites and forms a concentration gradient around 
the crystallites, thus, inhibiting the grain growth. 
Detailed Mossbauer study with complementary 
information from X-ray diffraction and other techniques 
suggest that the nanocrystals consist of partially 
ordered non-stoichiometric bcc Fe^Si phase. The Si 
concentration in the grain is about 20%, which is much 
higher than the nominal composition of the parent 
amorphous phase. The excellent soft magnetic 
properties of this composite material arise because of 
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the fact that the grain size as well as the intergranular 
spacing is much smaller than the ferromagnetic 
exchange length, so that the local anisotropies are 
randomly averaged out by the exchange interaction. 
Further the magnetostriction of the crystalline and 
amorphous components being opposite in sign, they 
tend to cancel the each other, giving rise to a very low 
average magnetostriction. From the fundamental point 
of view also these nanocrystalline alloys present a very 
interesting magnetic system, exhibiting various 
phenomena like superparamagnetism and super- 
ferromagnetism. Various annealing treatments like 
stress annealing or field annealing have been used to 
introduce magnetic anisotropy in these systems in 
order to tailor their B-H loop. Excellent thermal 
stability and the soft magnetic properties which can 
be tailored by controlling the composition and 
annealing treatments make them one of the best known 
soft magnetic materials with great potential in low 
frequency as well as high frequency devices. 
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The paper reviews the state of art of the various synthesis methods suitable for the preparation of nanp-sized 
particles of ceramic oxides. The focus is on the various chemical processes that are gaining’ rapid popularity 
for large-scale production of fine ceramics. An effort has been made to summarize, with suitable examples, 
the methods developed by the authors for the preparation of nano-sized oxides. 

Three precursor solution based preparative methods that have been developed are discussed. The methods 
involve evaporation/flame pyrolysis of a polymer/complex based precursor solution. The precursor solutions 
are constituted of the desired metal ions dispersed in a polymeric reagent or, metal ions complexed "with a 
chelating agent or, metal-ligand complex dispersed in a polymeric reagent. The polymeric reagent used are 
Polyvinyl alcohol (PVA) or. Sucrose in presence of 10 mole% of PVA while the chelating agents include organic 
amines such as Diethanolamine (DEA) and Triethanolamine (TEA) and organic acids such as Citric/Oxalic/ 

Tartaric acid. The polymeric reagents/ the chelating agents used in the precursor solution play a dual role. 

They help to keep the metal ions uniformly distributed through out the viscous liquid at the time of evaporation 
and thus circumvent the precipitation /segregation of the metal ions from solution. Again, the carbonaceous 
materials, obtained from the evaporation of the polymer/chelating agents, provide heat through combustion for 
the formation of the respective phases. This facilitates the reduction of the external temperature required for 
the formation of the desired mixed oxide phase. Rapid evaporation of the entire precursor solution results in 
a voluminous mass rich in mesoporous-carbon pyrolysis of which yields the fine oxide powders. The exothermic 
decomposition/pyrolysis of the precursor powders is accompanied by the evolution of large amounts of gases. 

The evolution of various gas (such as : water vapour, CO, CO 2 NO^, etc.) not only helps the precursor material 
to disintegrate but also to dissipate the heat of decomposition, thus inhibiting sintering of the fine particles 
during the process. 

Over fifty different ceramic oxides have been synthesized by the authors using the developed processes 
and the resulting powders are nanosized (10 to 90 nm in diameter), with narrow particle size distribution of 
high purity and are obtained at relative lower pyrolysis temperatures than those reported in literature so far. 

The methods are versatile and can be extended for the preparation of a variety of mixed-oxide systems. In 
addition, the methods are technically simple, and time and energy efficient, which makes the process cost effective 
and commercially viable for large-scale production of the fine mixed-oxide products. 

Key Words: Preparation; Nanoparticles; Oxides; PVA; Sucrose; Triethanolamine; Diethanolamine; Citric 
Acid; Oxalic Acid; Tartaric Acid 

Introduction by conventional ceramics (> 10 //m). It is the 

High performance of products or devices made of combination ofunique composition and mic'rostmcture 

ceramic material is often limited by both of its high that leads to the extraordinary potential of fine 

brittleness and statistical variation in their properties. ceramics as attractive engineering materials. 

Any attempt to generate ceramics with properties 

beyond the present limitations has to focus attention Historically, the developments in the research and 

on generating microstructures with new types of application of ultrafine microstructure caabe divided 

atomic arrangement or/new chemical compositions. in two separate periods. During the first period, ranging 

Fine ceramics materials (with grain sizes less than from about 1870 to about 1970, the microstructure 

1 00 nm) have been shown to have generic properties*, materials was recognized to be the ancial 

(such as high elastic modulus, high hardness, high parametei^forcontrolling many mechanical, magnetic, 

compressive strengths, general refractoriness and low electronic and optical properties. In fact, the physical 

relative density) much improved over those exhibited understanding of the mechanism by which the ultrafme 
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microstructures affect the properties of solids received 
a remarkable boost after World War IL From the 
advent of the theory of lattice defects-in particular 
the dislocation theory— and from the availability of 
new high-resolution research techniques such as 
electron and field ion microscopy-. Both developments 
helped to elucidate the physical basis for understanding 
the correlation between the structure sensitive properties 
and the microstructure of solids. As a matter of fact, 
the development of most high strength and high 
temperature materials available today is based on the 
results of those studies. After the year 1 970, the second 
period of developments in the area of ultrafine 
microstructures started, when it was recognized that 
specifically tailored ultrafine microstructures permit 
the generation of solids with new atomic and/or 
electronic structures. 

Over the years, these fine ceramic materials have 
reached such high technological levels in various fields 
of applications that a plethora of names for them 
have emerged, names such as: ‘nano-phase’, ‘ultrafine- 
grained’, ‘submicron grained’, ‘microcrystalline’ or 
‘nanocrystalline’ materials'^. A unique feature of fine 
ceramic materials is that a large fraction of their atoms 
reside in the grain boundaries. Atoms located within 
a certain distance of a boundary (Le, within the grain 
boundary thickness) are displaced from their normal 
sites in a perfect crystal, due to the presence of atoms 
across the boundary‘s. If one assumes a grain-boundary 
thickness of approximately 1 nm (i.e., about four 
nearest-neighbour distances), a fine-grained material 
with in a mean grain diameter of 5 nm will have 
nearly 50% of its atoms in its grain boundaries, and 
an even higher percentage for smaller grain sizes. 
This falls only to about 30% for a 10 nm grain size, 
but it is as low as 3% at a lOOnm grain size. Thus, 
as the particle size decreases the interface volume 
increases. 

According to the pioneering work by Gleiter^*^ 
and other groups^'^ the properties of fine or nano 
ceramic materials are strongly governed by their 
surface structure and/or interface volume which 
represents a significant fraction of their total volume. 
The theory proposed by Gleiter- said that the surface 
atoms in a small crystallite/particle have (i) a lower 
density, (ii) a lower co-ordination number, (iii) a larger 
interatomic distance, and (iv) lower symmetry*®’*^. 
A modified coordination number of the surface atoms 


result in the modified electronic structure and related 
physical/chemical properties of the fine ceramic 
materials. Thus, obviously, a change of interface 
volume in small crystallites/particles of size at a nano 
meter scale causes a significant change in their 
electronic structure, according to the chemistry of 
the constituent atoms. 

It is thus conceivable that many of the 
microstructurally based properties (such as: increased 
strength/hardness, enhanced diffusivity, reduced elastic 
modulus, higherelectrical resistivity, increased specific 
heat, reduced thermal expansion coefficient, increased 
specific surface area, and modified magnetic properties, 
etc.) of fine-grained materials differ from those of 
conventional bulk materials in which the interface 
volume fraction is negligible. These powders, because 
of their crucial microstucturally based properties, have 
potential application in many areas of technology 
For example, Gleiter and coworkers'’ developed a 
surprising properties of thin ceramic plate of TiO^ 
with a ultrafine microstructure that can be plastically 
deformed at a temperature as low as 180®C. This 
behaviour opened the way to new ceramic processing 
and forming techniques. Some of the general functions, 
properties and applications of fine ceramics are 
summarized in Fig. 1. 

The synthesis of fine ceramic powders with 
uniform composition is desirable in the improvement 
of existing ceramics and the development of new 
ceramic materials. Mechanical mixing of oxides or 
carbonates followed by calcination and ball milling 
is the conventional method for preparing ceramics. 
This method, though successful for large-scale 
production of bulk ceramic powders because of its 
low cost and easily adaptability, has several limitations 
in the production of ‘fine ceramics’ . High temperatures 
and long heating schedules, requisites of this route, 
sinters the final product resulting in coarsening of 
the particles and high-energy destruction (Le., the 
break down force) is required to get the fine powders * 
Besides, volatilization/melting of the constituent 
components may occur during the high temperature 
processing of some of the multi-component mixed- 
oxide ceramic systems. Thus, a soft chemical method 
is more suitable for the preparation of ‘fine ceramics’ . 
In the last few decades a lot of research activities 
have been focussed on the development of new 
synthetic methods for the production of sinter-active 
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Fig, I Functions, Properties and Applications of Fine Ceramics'-' 


fine ceramic powders. Details of the state of the art 
of the powder synthesis are available in various review 
articles^’^’^'^’^. 

Synthesis of Fine Ceramics 

Recent years have seen a surge of interest in 
the synthesis and processing of fine ceramic oxide 
powders. The growing applications of fine ceramics 
have received increasing interest in the multidisciplinary 
approach to their synthesis. There are two approaches 
possible for the synthesis of the fine ceramics. First 
is the Chemists’ approach {i.e., the building-up/or 
Chemical approach) and the second is the Physicists’, 
approach (i.e., the breaking down/or Physical approach). 
Inert gas condensation^, mechanical alloying’^, 
sputtering laser ablation-^ plasma pyrolysis^^, 
etc. constitute the physical approach methods in this 
science. Among these processes, gas condensation, 
mechanical alloying, and spray conversion techniques 


are most widely used for a large-scale production 
of fine ceramics. Chemical processes that are gaining 
rapid commercialization for at a large-scale production 
of fine ceramics will be the main focus of the present 
paper. 

The Various Chemical Synthesis Methods 

The advanced ceramic materials are often tailor 
made to suit specific applications, and the chemical 
synthesis routes play a crucial role in their design 
and production. Morgen-"^ has suggested that the use 
of chemistry in ceramic fabrication can avoid three 
major problems — long diffusion paths, impurities 
and agglomeration. The reasons being that the fine 
chemically prepared powders allow for shorter diffusion 
distances and improved homogeneity, the chemical 
precursors used can be easily refined to increase the 
purity, and careful control of solvent removal from 
the precursors could lead to the production of crushable 
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agglomerates. However, in many cases, the chemical 
routes generally involve complex techniques compared 
to the conventional ceramic methods. An improved 
level of skill is therefore essential if the benefits are 
to be realized^'^. 

Uhlmann etai^^ have stressed that better knowledge 
and understanding of the reactions and mechanism 
taking place are essential for successful commercial 
exploitation of the various chemical methods. The 
synthesis of fine ceramic by a chemical route thus 
can be categorized under two broad headings of 
Vapour Phase Reaction Methods and Solution 
Processing Methods. 

Vapour Phase Reaction Methods 

The vapour phase reaction processes (referred 
to as the Physicists’ approach) involve dissociation- 
vapourization of primary powders (reactants), followed 
by vigorous quenching of the resulting vapours on 
to a cold metal substrate. It results in a refined deposit 
of sample on substrate. The sample, if required, is 
recovered by scrubbing the deposit from substrate. 
Generally, the rate and the temperature of decomposition 
determine the reaction kinetics and rates at which 
the decomposition products can ‘crystallize’ on the 
reaction surface^^. Inert gas condensation^, 
sputtering laser ablation^^, plasma spraying-^ 
processes are some of the important vapour phase 
reaction methods. Chemical vapour reactions are now 
receiving considerable attention as techniques for the 
preparation of high tech ceramics-^^-^ for applications 
in electronic devices. 

Solution Processing Methods 

The ‘solution processing methods’ are often 
considered to be synonymous to the ‘chemical 
synthesis methods’ - This technique can be described 
as consisting of an initial solution preparation step 
followed by solvent removal and then decomposition 
of the dried product to the final desired ceramic 
powders. In general, the solution processing methods 
offer the advantages of easy preparation of nearly 
any composition maintaining compositional 
homogeneity and high purity. The important solution 
based chemical synthesis methods popularly used for 
the preparation of fine-grained ceramic products, 
include: Solvent Vapourization Method, Aerosol 
Method, Precursor Compound Method, Hydrothermal 
Method, Co-precipitation Method, Sol-gel Method, 
Other gel Methods, and the Combustion Method. 


Solvent Vapourization Method 

In a multi-component system, a slow evaporation 
of the solution often causes , an inhomogeneity in 
products because of selective crystallization of 
components with different solubility. To maintain the 
homogeneity throughout the solvent vapourization 
process, the solution is broken down in to small 
droplets {i.e., using spray technique) which results 
in minimization of solution volume over which 
segregation can take place. Alternately, the solution 
can be dried very rapidly so that the segregation is 
avoided or minimized. The solvent vapourization can 
be of various types, such as: Flame Spraying'^^ Spray 
roasting^'"'. Spray drying-"^^. Emulsion technique^^. 
Freeze drying technique^^, microwave drying^^, and 
airless drying"^^. 

Aerosol Method 

Clustered nanoparticles of controlled-sized crystalline 
and amorphous ceramic materials (especially the 
chalogenides) and metals can be prepared through 
this method. Here the focus is on the novel chemistries 
developed by the use of surfactant assembly 
incorporated atomic and molecular clusters. Sharma 
etal.^^ have prepared size selected CdS nanoparticles 
through the Aerosol method. Aqueous micelles"^^, 
reverse micelles'^^, microemulsions, vesicles^^^, 
polymerized vesicles^^, monolayers^^, deposited 
organized multilayers, and bilayer (black) lipid 
membranes^^^ are the host surfactant assemblies for 
the clustered particles. J H Fendler"^^ has done some 
pioneering work on the aerosol technique and has 
published reviews on the detailed working principles 
and procedures involved with the preparation of atomic 
and molecular clusters. 

Precursor Compound Method 

This method involves preparation of a precursor 
compound. The precursor compounds are usually 
complex combinations of cations in the proper ratio 
in their crystalline structures, together with ionic and 
molecular species containing the necessary oxygen 
for the formation of solid solutions or the crystalline 
compounds, the remainder being volatile or 
decomposable into volatile elements. The pyrolysis 
of the complex combinations at temperatures between 
200*^0 and 500°C, in an appropriate inert oxidising 
or reducing atmosphere, depending on the material, 
gives to nanoscale particles of the desired mixed- 
oxide system with a good cation stoichiometry. 
Literature reveals that various organo-metallic 
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complexes, metal-hydroxidesZ-carbonatesAoxalatesA 
citrates, /“ferri-cyanides, and —hydrazine carboxylates 
etc. are few of the commonly used precursor 
compounds in this process"^^'*''^. 

Hydrothermal Method 

Reaction in water above it’s boiling points and 
therefore under pressure, are called hydrothermal 
reactions. This very general definition illustrates that 
a variety of very different chemical processes are 
categorized under the heading of hydrothermal 
reactions. The different hydrothermal reaction types 
described in the literature are decomposition, oxidation, 
crystallization, precipitation, sintering and leaching. 
For the synthesis of fine oxide ceramics only 
hydrothermal precipitation and hydrothermal 
crystallization are usually considered. Hydrothermal 
precipitation initiates from a clear metal salt solution 
while the hydrothermal crystallization uses hydroxide 
gels or sols. Hydrothermal synthesis yields oxide 
suspension of crystalline metal oxides, which in some 
cases can even, be used for ceramic processes without 
a calcination step. A major advantage with the 
hydrothermal processing is that high temperature 
calcination is not required for the formation of the 
oxide. As no solid-state calcination step is needed 
and thus the formation of hard agglomerates and hard 
aggregates can easily be avoided unlike in the sol- 
gel or co-precipitation methods where nano-sized 
particles are formed and get enlarged and aggregated 
when the solid-state crystallization to the desired oxide 
form is performed. 

A successful synthesis of material by the 
hydrothermal synthesis depends on the selection of 
its precursor. A precursor should be both reactive 
and cost effective. It should possess appropriate 
process condition variables, which include temperature, 
pH and reagent concentrations. A variety of different 
fine ceramics""'^"^^ has been successfully synthesized 
using this hydrothermal technique. 

Co-precipitation Method 

The co-precipitation process involves the formation 
of a solid precipitate followed by the separation of 
the solids with a filtration step. This technique 
probably is the most widely used method for the 
preparation of ceramic powders. The precipitation of 
multi-component system is termed as co-precipitation. 
For obtaining the co-precipitate with well-defined 


stoichiometry of metal ions, the precipitating agent 
should satisfy the following conditions. The compound 
should be insoluble in the mother liquor and the 
precipitation kinetics should be fast. The co- 
precipitating agents can be a solution of inorganic 
or organic salt. Various fine-grained ceramic powders 
have been prepared using inorganic salt solution such 
as sodi u m/potassium/am monium-hy droxides/- 
carbonatesZ-oxalates etc. 

Use of organic salt solution as the co-precipitating 
agent circumvents the problems associated with 
extensive washing of the precipitated precursor 
material. Moreover, easy volatilization of the organic 
compounds, in the precursors, during thermal 
decomposition, facilitates the formation of the ultrafme 
powders. Pramanik et aL, have made significant 
contribution in the use of organic salt solutions as 
the co-precipitating agents. The salts include 
triethylammonium oxalate^^ and triethylammonium 
carbonate^^’^*. 

The organic salt-based co-precipitating 
agents^^“^^ are preferred choices for large-scale 
production of fine powders because of good 
stoichiometry, purity, homogeneity, and controlled 
morphology. Several parameters, such as, pH, mixing 
rates, temperature, and concentration, have to be 
controlled. For example, microscopic inhomogeneity 
in the final product arises if the constituent metal 
ions have widely differing rates of precipitation. 

Sol-Gel Method 

Sol-gel method involves formation of an amorphous 
gel from a solution followed by its dehydration at 
an elevated temperature. The whole process has three 
key steps^^ as follows: 

Step I: The method often uses metal organic precursors 
where the various components are mixed together 
in a solvent to get a solution. This ‘solution’, which 
in a multi-component composition, is a true ionic 
or molecular mixture which ensures the atomic-scale 
mixing (/.£?., ultra-homogenization) of the components 
in the sol-gel technique. The liquid phase for the 
vast majority of the oxide gels is water or short- 
chain alcohols, and the solutes may be inorganic 
nitrates, inorganic chlorides, ora wide variety of metal 
organic molecules. 

Step II: This step is the key step in the sol-gel process. 
It involves formation of a sol and conversion of it 
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to a gel SO that it retains the chemical homogeneity 
of the sample during the desiccation. Conversion to 
a sol is accompanied by adjusting the activity of some 
species, H"*" and OH“ and other ions, which result 
in the formation of a dispersed sol id phase. In principle, 
the pH, ionic strength and temperature of the precursor 
mixture control the gelation of the sol. A manipulation 
of these parameters is an empirical procedure and 
it must be worked out independently for each 
composition. Although the general conditions of pH 
and temperature are known for simple oxides (such 
as Si02 and AlOOH) the fine tuning of this step 
for different staring materials, especially new organic 
precursors, and multi-component systems has become 
a major area of current research. 

Step III: The last step of the process involves 
desiccation and heat-treatment of the gels to a ceramic 
powder. 

Many fine ceramics have been prepared by the 
sol- gel method using different metal ion precursors^ 

The particle sizes in this process varied from 50 to 
300 nm according to the experimental conditions. 

Other Gel Methods : ^‘Citrate-Type Processes^^ 

This is one of the popular chemical synthesis 
routes used for the preparation of a variety of mixed- 
oxide powders at relatively low temperatures. Pichini^'"’ 
first reported the method in 1 968. After his pioneering 
work, this route is also known as the ‘Pechini’s Route’ . 
He prepared a variety of fine spinel ferrite systems 
using citric acid and 15% glycol along with desired 
aqueous metal salt solutions. Eror and Anderson^^^^ 
reported preparation of over 100 different mixed- 
oxide compounds using this method. Since then, a 
number of mixed-oxide systems have been prepared 
by the citrate or the modified citrate method by various 
workers^^"^. 

In this process. Amorphous gel mixtures are 
prepared from solutions containing the required 
cations and an organic poly-functional acid group 
such as citric, malic, tartaric, glycolic, or lactic acids. 
This technique contains a step where the gel is rapidly 
dehydrated at low temperatures and subsequently 
pyrolysed to result in the formation of fine oxide 
powders. 

Combustion Method 

This method is also known as the ‘self-sustaining/ 
propagating high-temperature synthesis process’ (/.e.. 


SHS) and the fire or, furnaceless synthesis. Unlike 
the Pechini or the amorphous citrate-gel processes, 
these processes are rapid and may approach direct 
conversion from the molecular mixture of the precursor 
solution to the final oxide product, avoiding formation 
of intermediate crystalline phases that require inter- 
diffusion for complete reaction. The process makes 
use of highly exothermic redox chemical reactions 
between metals and nonmetals, the metathetical 
(exchange) reaction between reactive compounds or 
reactions involving redox compound/mixtures. For 
example the combustion approach involves the 
use of novel combustible precursor which are prepared 
using carboxylate anion, hydrazine, hydrazine or 
hydrazinium groups (redox compounds) and redox 
mixtures as the chelating agents. This method utilized 
low temperature ignited, gas producing exothermic 
reactions, which are self-propagating and yield 
voluminous fine oxides in few minutes. The term 
‘combustion ’covers flaming (gas-phase), smouldering 
(heterogeneous) as well as explosive type of reactions. 
Merzhanov, one of the pioneers of the SHS processes, 
has periodically reviewed the developments in 
SHS and its application for the preparation of carbides, 
nitrides, borides, silicides, hydrides, chalcogenides, 
oxides etc. Currently however, several variants of the 
SHS processes^^-'^^'^ have gained substantial 
popularity in the preparation of various ultra-fine 
multi-component oxide powders. These SHS processes 
however involve highly explosive type of reactions 
where a high level of caution and an intricate control 
of the processing parameters are essential. 

The chemical methods generally require a high 
degree of sophistication and control, in order to obtain 
the desired characteristic properties in the powders. 
The benefits that can be obtained from the use of 
a controlled chemical-processing route are well- 
recognized^-’^ ^ especially for multi-component 
systems. On the other hand, this invariably increases 
the cost of the products. Hence, the economic aspects 
of a particular chemical synthesis process needs to 
be balanced against the possible improvement in the 
powder characteristics before it could be considered 
to be commercially viable. 

Although several chemical methods are available 
for the preparation of a variety of fine mixed-oxide 
ceramic powders, the author believes that there is 
scope for improvement of the existing methods, so 
that less cumbersome, more versatile and cost effective 
methods can be developed for large scale production 
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of these ceramics. It is a decade since the authors 
and their team has been involved with the development 
of novel chemical routes for the synthesis of 
nanoparticles of various ceramic oxides. The developed 
methods are: 

1 . Metal ion-polymer based precursor solution 
method 

2 . Metal ion-ligand complex based precursor solution 
method 

3 . Metal ion-ligand-polymer based precursor solution 
method (it is a combination of the two methods) 
The methods involve thermolysis/flame pyrolysis 

of a polymer/complex based precursor solution. The 
precursor solutions are constituted of the desired metal 
ions dispersed in a polymeric reagent or, metal ions 
complexed with a chelating agent or, metal-ligand 
complex dispersed in a polymeric reagent. Rapid 
evaporation of the entire solution results in a 
voluminous mass rich in mesoporous-carbon pyrolysis 
of which yields the fine oxide powders. Over fifty 
different* ceramic oxides have been synthesized 

by the authors using the developed processes and 
the resulting powders are nanosized (10 to 90 nm 
in diameter), narrow particle size distribution of high 
purity and are obtained at relative lower pyrolysis 
temperatures than those reported in literature so far. 
In this paper, we make an effort to summarize the 
methods developed by the authors with suitable 
examples. 

Experimental 

Metal Ion-poly mer Based Precursor Solution Method 

In this method, the precursor solution is constituted 
of an aqueous solution of the desired metal salts 
(predominantly, metal nitrates) mixed with a water- 
soluble polymer for obtaining the matrix for the 
dispersion of the cations. The polymer-Polyvinyl 
alcohol (PVA) easily decomposes exothermally at low 
ignition temperatures (~ 500 ‘^C) leaving behind very 
little carbon residue. This characteristic of the PVA 
along with its water-soluble nature motivated the 
initiation of this method. The method is termed as 
the 'PVA Evaporation Method'. By changing the 
polymeric reagent in the precursor solution the method 
has been further modified. In the modified method 
the precursor solution is constituted of an aqueous 
solution of the desired metal salts (predominantly, 
metal nitrates) mixed with the polymer -PVA/PAA/ 
carboxylated starch (about 10 %) for obtaining the 


matrix, in presence of aqueous solutions of 
monosaccharides, or, disaccharides or, poly hydroxy 
compounds (such as sorbitol, manitol). Considering 
the huge volume of the research work, we will restrict 
our discussions to the precursor solution that consists 
of the metal salts embedded in the polymer matrix 
provided by PVA and the disaccharide - Sucrose and 
we term it as the 'Sucrose Evaporation Method*. 

The methods involve rapid evaporation of the 
viscous polymeric reagent {i.e., PVA and Sucrose- 
PVA) added mixed metal nitrate solutions. The 
complete evaporation of the polymer added mixture 
results in a fluffy porous mass, which is easily ground 
to constitute the fine "precursor powders". The 
precursor powders on pyrolysis (at temperature 
varying from 300 °C to 900 ^^ 0 ) results in the formation 
of the desired fine ceramics. The polymer (PVA/ 
Sucrose) plays a dual role in the process, it acts as 
a dispersing agent for the cations in the solution and 
it also serves as a fuel that provide heat through 
combustion during the calcination of the precursor 
powders. The details of the reagents required for the 
preparation of selected few mixed-oxide systems 
through the PVA Evaporation method and the Sucrose 
Evaporation method is listed in Table I and 
Table II respectively. The flowchart of these two 
routes is depicted in Fig. 2 . 

The oxide systems investigated through the 
methods include (i) Pure oxide [e.g a-A403, Cr203, 
ZrO^, Zr02 stabilized with 5 % CaO / MgO /Y^ O^j; 
(ii) Spinels [^.gMgAl704, CiiFe^O^, NiFe^O^, CoFe^O^, 
ZnFe^OJ; (iii) Orthoferrites {e.g LaFe03, NdFeO^, 
GdFe03, SmFe03]; (iv) Garnets [e.g 
Gd3Al30j2, Gd3Fe30j2> Sm3Fe30|2]; (v) Nano 
Composites [e.g NiO, Fe^O^, CuO, Fe^03, 

TiO^]; (vi) Metal phosphates [^.^003 (PO^)^, Ni3(P64)7 
Ba3 (P04)2, AIPO4, CrPO^, FePOJ; (vif) 
Metal vanadates [e.g Ca3 (VO^)^, Co3(V04)7, Ni3 
(VO^)2, CU3 (V04)2, MnVOjf (viii) 

Metal molybdates [e.g CaMoO^, NiMoO^, CoMoO^, 
MgMoO^, Sm, (Mo 04)3, Gd^(Mo04)3]; Metal 
tungstates [^.^“CaWO^, MgWO^, NiWO^, CoWOJ; 
(x) Rare-earth aluminates [e.g LaA103, SmA103, 
NdA103]; and (xi) PZT and PLZT systems. 

Metal ion- Ligand Complex Based Precursor Solution 
Method 

In this chemical method, various compiexing 
agents have been used in the precursor solution. The 
complexing/chelating agents are used to keep the metal 
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Table I 

Swichiomemes (in moles) of the various reagents used for the preparation of few 

of the representative the 

mixed-oxide precursors 

Sample ] 

VIetal ion; PVA’*' mole ratio 

Fe(NO,X (moles) 

■ ■ ... J 

M(NO,), (moles) R(NO^)^ (moles) @ 

Total PVA (moles)** 

MFe,0^ System; M 

= Co(n) / Ni(Il) / Zn(II) 





a 

I:l 

0.0447 

0.0223 

- 

0.0670 

b 

1:2.5 

0,0447 

0.0223 

- 

0.1678 

c 

1:6 

0.0447 

0.0223 

- 

0.4028 

RFeO^ System: R = 

Sm(III) / Nd(lll) / Gddll) 





a 

1:1 

0.0143 

- 

0.0143 

0.0286 

b 

1:2.5 

0.0143 

- 

0.0143 

0.0715 

c 

1:6 

0.0143 

- 

0.0143 

0.1716 

R,Fe^O,, System: R 

= Sm(in) 





a 

1:1 

0.0238 


0.0143 

0.0381 

b 

1:2.5 

0,0238 

- 

0.0143 

0.0953 

c 

1:6 

0.0238 

- 

0.0143 

0.2286 


*; Represents the moles of vinyl alcohol monomer unit of PVA; #: 10% w/v PVA solution; 
Prepared from stoichiometric amounts of R,0, dissolved in dilute nitric acid. 


Table II 

The details of the chemicals required for the sucrose evaporation method for the preparation of few of the 

representative mixed-oxide systems 


Metal salts/Preparation condition 

Moles of Sucrose 
(FW-342) 

Moles of PVA* 
(10% w/v aq. 
solution of PVA) 

Total volume 
of the solution 
after mixing 

Pure Oxide : (a A1,0.^): 

I mole AI(N03),.9 H‘o' 

2 

0.05 

1.5 lit. 

Lanthanam Aluminate : (LaAlO,) : 0.5 
mole La,0, + 3 mole aq. HNO, (75% v/v) 4* I 
mole Ar(N03)3. ^^2^ 

4 

0.05 

2.5 lit. 

¥,0^ stabilized ZrO^ : 

I mole NH^OH + 1 mole zirconium 
oxychloride hexahydrate ^ zirconium 
hydroxide obtained dissolved in cone. HNO, 

( 1 lit.) with Y3O3 (0.04 mole) dissolved in HNO^ (50 cc) 

2.5 

0.05 

2.5 lit. 

Metal Phosphate : (FePO^): 

Ammonium dihydrogen phosphate 
(I mole/500 ml H,0) + Fe (NO^),. 9H,0 
(1 mole in 1 lit. H,0) + HNO, so that“pH = I 

3 

0.05 

3.0 lit. 

Metal Vanadate : (YVOJ: 

0.5 mole Vp^+conc, HNO, (250 ml) produced 
solution + vanadyl salt (obtained from 1 mole ammonium 

2.5 

0.05 

2 lit. 


vanadate+4 mole formic acid+4 mole hydrazine hydrate was 
slowly added and refluxed for I hour at 120°C to produce 
1 mole vanadyl salt) 


Metal Tungstate : (CaWO ); 

Freshly prepared CaWO^ (1 mole) + ethylene 
diamine tetracetic acid (1.2 mole) + diethylenetriamine 
(3 mole) dissolved in 1 .5 lit. water 

1 

0.05 

2 lit. 

Metal Molybdate : (CaMoO.) 

Freshly prepared CaMoO^ (I mole) + EDTA 

1 

0.05 

2 lit. 

(1 .2 mole) + ethylenetramine (3 mole) 
dissolved in 1.5 lit. water 



* Represents the moles of vinyl alcohol monomer units of PVA 
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PVA Method: 


Aqn. Metal nitrate solution 


10% (w/v) Aqii. solution of PVA 

^ 

(wiUi desired cation ratio) 


(with llie desired cation: PVA monomer ratio) 



Heated at - 70-80'’C 





Sucrose Method: 

1 


Tlie Polymeric reagent added to 

20%(w/v) Aqu. Sucrose Solution witli PVA 

HMMwJ 


tJic mixed nietaJ nitrate solution (10 

mole %w.r.t. Sucrose) 


under hot condition (- TO-SO^C) 

(with the desired Cation: Sucrose mole ratio) 


1 


Tlic rcsultnnt viscous mixture c%Mporatcd 
on hot plate at - 200®C wiili stirring 


Evaporated to dryness at -20()'^C 



I 


Fluffy carbonaceous mass obtained 


I 


Ground to give the Virgin Precursor Powder 


Virgin Powders Calcined at diffcreni 
Heat*trealmcnt temperatures 


Fig. 2 Schematic representation of the Metal -ion-Polymer based Precursor Solution Method 


ions in homogeneous solution, leaving enough 
flexibility for the system to exist homogeneously 
throughout the reaction without undergoing 
precipitation. To ensure this, the moles of the 
complexing/chelating agent per unit mole of the metal 
ion in the starting solution has been always kept in 
excess to the required stoichiometry. 


The method involves the complete dehydration 
of the metal ion-ligand complex precursor solution, 
which is accompanied by the decomposition of the 
metal complexes. The decomposition results in a 
voluminous, organic based, black, fluffy mass. This 
organic mass is easily crushed to fine powders to 
generate the precursor material. Calcination/heat- 
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Fig. 3 Schematic representation of the Metal-ion-ligand complex based Solution Method 


treatment of the precursor material results in the 
respective fine mixed-oxide ceramics. The ligands 
apart from serving as a chelating agent for the uniform 
distribution of the cations in the solution also acted 
as a fuel during calcination of the precursor powders. 
A generalized process for the preparation of fine 
ceramic materials using the Metal ion-ligand complex 
based precursor solution method is depicted in 
Fig. 3. 

The authors have utilized various complexing 


agents, especially different organic amines (namely, 
diethanolamine and triethanolamine) and different 
organic acids (namely, oxalic, tartaric and citric 
acids) as the ligands for complexation with the metal 
ions. 

The developed methods using the organic amines 
and the organic acids follow the same working 
principle. The organic amines/acids are useful 
complexing agents for the preparation of multi- 
component ceramics specially where the constituent 
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metal complexes have widely different solubilities. 
For example in the synthesis of PZT [i.e., with 
composition PbCZr^ ^TIq 4)03] through the metal ion- 
organic acid complex based precursor solution method, 
we use oxalate complexes of Ti'^'*' and Zr"^”^ while 
Pb^"^ is complexed with EDTA. Use of oxalate complex 
is avoided for the Pb^"^ because of the poor solubility 
of the Pb(Oxalate) complex compared to that of the 
oxalate complexes of Ti"^*^ and Zr"^"^, which would 
lead to segregation of the Pb^- from the solution. 
On the other hand, aqueous Pb(EDTA) complex has 
superior stability to that of the Pb(Oxalate) complex 
and comparable solubility with that of the oxalate 
complexes of Ti"^"^ and Zr"^. Thus the use of Pb-EDTA 
complex circumvents the precipitation of Pb(Oxalate) 
from the system and the homogeneity of cations is 
maintained throughout the evaporation process. 

The precursor solution when constituted of the 
metal hydroxides/nitrates and diethanolamine (DEA) 
as the ligand then the method is denoted in the text 
as the DEA Evaporation Method. Similarly, when 
the ligand used is triethanolamine (TEA) the method 
is represented in the text as TEA Evaporation Method. 
Likewise, when the metal ion and the various organic 
acids constitute the precursor solution, the methods 
are illustrated in the text as Oxalate Evaporation 
Method, Tartarate Evaporation Method and Citrate 


Evaporation Method where the corresponding organic 
acids used are Oxalic acid, Tartaric acid and Citric 
acid respectively. 

The authors illustrate the Metal ion-Ligand 
Complex Precursor Solution Method through the 
preparation of the representative PZT (with composition 
PbZr^ ^Ti^ 4O3) powders. The details of the preparative 
conditions for each of the methods for obtaining the 
final PZT powders are summarized in Table III. 

Metal ion-Ligand- Polymer Based Precursor Solution 
Method (the Combination Method) 

In addition to the mentioned methods, the authors 
have extended the work to the preparation of lead 
magnesium niobate PMN [Pb(Mgj^ 3 Nb 2 y 3 ) 03 ] and 
PEN [Pb(Fejy3Nb^/3)03] relaxor materials through 
two different methods that are combination of the 
developed two methods {i.e., the polymer based and 
the complex based precursor solution methods). 

In the first method the precursor solution is 
constituted of the metal nitrates/hydroxides, TEA and 
tartaric acid in presence of the polymer i.e. PVA. 
This method is defined as PVA-TEA-Tartarate 
Evaporation Method. The second method is assigned 
as the PVA-EDTA-Tartdrte Evaporation Method. The 
precursor solution in this method is constituted of 
the metal nitrates/ hydroxides that are complexed with 


Table III 

Details of Metal ion-ligand complex precursor solution methods for the preparation of PZT (with composition 

powders 

* Preparative condition for the synthesis of PZT powders through the various methods 
DEA Evaporation Method 

Stoichiometric amounts of hydrated metal oxides (Pb, Zr, Ti) were reacted with 4-5 moles of DEA per mole of PZT at 200^C to produce 
a homogeneous red coloured solution of metal ion —DEA complexes. 

TEA Evaporation Method 

Stoichiometric amounts of hydrated metal oxides of Tl and Zr were reacted with 8 mole of TEA to produce a red solution of metal 
ion —TEA complexes. The hot metal ion-TEA solution was then mixed with aqueous 30%(w/w) Pb(NO^), mixture to produce a 
homogeneous solution. 

Oxalate Evaporation Method 

Imole aqueous Pb(EDTA) was mixed with stoichiometric amounts of Ti-Oxalate and Zr-Oxalate solution to produce a homogeneous 
solution. 

Tartarate Evaporation Method 

Imole aqueous Pb(EDTA) was mixed with stoichiometric amounts of Ti-tartarate and Zr-tartarate solution to produce a homogeneous 
solution. 

Citrate Evaporation Method 

1 mole aqueous Pb(EDTA) was mixed with stoichiometric amounts of Ti-citrate and Zr-acetate solution to produce a 
homogeneous solution. 

The homogeneous precursor solutions obtained through each of the preparative methods were evaporated to complete dryness to 
result in a fluffy carbonaceous powders which were calcined to yield in the PZT phase. 
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the EDTA and tartaric acid in presence of the polymer 
Le,, PVA.The preparative conditions for the synthesis 
of the representative PMN is cited in Table IV and 
the procedure is illustrated in Figs. 4 and 5. 

Results 

The final phase and the morphology of the powders 
prepared through the various developed methods are 
affected by the following factors, they are: 

( 1 ) The amounts of the polymeric reagent/complexing 
agents used per unit mole of the metal ion present 
in the precursor solution. 


(2) The heat liberated during the complete 
dehydration of the precursor solution 

(3) The bed temperature during the complete 
dehydration of the precursor solution. 

(4) And the time taken for the complete evaporation 
process. 

The characterization studies of the various precursor 
and heat-treated powders are carried out to get a 
comprehensive comparative data on the developed 
methods. For example, the simultaneously recorded 
thermogravimetry and differential thermal analysis 


Table IV 

Summary of the two combination methods developed for the preparation of PMN [ Pb(Mg^^jNb^^JO J powders 


*Preparative conditions for the synthesis of PMN powders through the various combination methods 
PVA-TEA-Tartarate Evaporation Method 

Stoichiometric amounts of Ti-tartarate complex solution and Pb-TEA complex solution were mixed with aqueous Mg(NO^), containing 
2 moles of PVA solution to produce the homogeneous precursor solution. 

PVA-EDTA-Tartarate Evapoartion Method 

Stoichiometric amounts ofTi-tartarate complex solution and Pb-EDTA complex solution were mixed with aqueous MgCNO,), containing 
2 moles of PVA solution to produce the homogeneous precursor solution. 

* The homogeneous precursor solutions obtain through each of the preparative route was evaporated to complete dryness to result 
in black, Puffy, carbonaceous powder which yield the corresponding PMN- phase on heat-treatment. 



Fig. 4 Flowchart for the preparation of soluble niobium-tartarate complex solution 
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Fig. 5 Schematic representation of the metal ion-PVA-EDTA-tartarate and the metal ion-PVA-TEA-tartarate evaporation method for 


the synthesis of PMN [Pb(Mgj/ 3 Nb 2 / 3 ) 03 ] 

(TG/DTA) studies of the various precursors obtained 
through the various methods provide information on 
their thermal effect (i.e., the amount of heat released, 
the corresponding bed/crucible temperature, the total 
weight loss etc.). 

The X-ray powder diffraction (XRD) patterns of 
the various precursor and heat-treated powders presents 
the phase composition of the sample. The X-ray 
diffractograms of the representative PZT precursor 
and heat-treated samples that are prepared through 
the various metal-ion-polymer based precursor solution 
methods and the various metal-ion —ligand complexed 
based precursor solution methods are shown in 
Fig. 6 (A and B) and Fig. 7 (A, B, C, and D) 
respectively. 

Similarly, X-ray diffractograms of the 
representative PMN [Pb(Mgj/ 3 Nb 2 / 3 ) 03 ] precursors at 
different heat-treatment temperatures and that of the 
sintered pellets, produced through the two combinations 
of the metal-ion-ligand complex and metal-ion- 
polymer based precursor solution methods, are depicted 


in Figs. 8 (A and B) and Figs. 9 (A and B) respectively. 
In these figures the lines (110) and (222) corresponds 
to the meiximum intensity peak in the perovskite and 
pyrochlore phase respectively. 

For ferroelectric materials, such as the PZT 
system; the dielectric constant measurement are 
carried out for the heat-treated powders that are 
palletized and sintered at 1 100°C/6h in a lead oxide 
rich environment provided by PbZr 03 placed in a 
closed alumina cmcible. Variation of dielectric constant 
with temperatures for the PZT [Le. with composition 
Pb(ZrQgTiQ 4 ) 03 ] samples prepared through the PVA 
method with altering amounts of PVA per unit mole 
of the metal-ion where the metal-ion : PVA mole 
ratios are: 1:0, 1:1, 1:2, and 1:3 for the samples Pq, 
Pj, P 2 , and P 3 respectively is depicted in Fig. 10. 
As in normal ferroelectric, the dielectric constant {s) 
of prepared PZT powders, with Zr/Ti ratio 60/40, 
increased gradually with temperature and attained a 
maxima Curie temperature (T^). It is 

observed that the value of the dielectric constant is 
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Fig. 6 X-ray diffractograms (using CuK„ radiation) of the PZT [i.e., with composition Pb(Zr(,^Ti„^)0,] precursor powders produced 
through the inetal-ion-polymer based precursor solution method and heated at various temperatures: (A) PVA method and (B> 
Sucrose method ' 


maximum when the metal-ion : PVA mole ratio is 
1:2. Again, the variation of dielectric constant with 
temperatures for the sintered (at 12()0°C/4h) PZT [i.e. 
with composition PbCZr^ gTig ^)©,] and PLZT (La = 
0.03 mole) pellets prepared through the TEA method 
is presented in Fig. 11. 

Similarly for the dielectric studies, of the PMN 
[Pb(Mg,/3Nb2^)03] powders (obtained through the 
PVA-EDTA-fartarate and PVA-TEA-Tartarate 
Evaporation methods after heat-treatment at the 
850°cy2h and 900°cy2h respectively) are compacted 
in to pellets and are sintered at 1200°C/4h under 
a lead reach atmosphere provided by PbZr03. The 
plots of the variation of dielectric constant with 
temperatures at 1, 10, and 100 kHz and the plot of 
In (l/s- UsJ versus In (T^-T) at 1 kHz and 100 
kHz for the sintered PMN [Pb(Mg,^Nb2^)03] pellets 
prepared through the PVA-TEA-tartarate'evaporation 
method are shown in Figs. -12 and 13 respectively. 

X-ray line broadening studies are used for 
the crystallite size calculation of the powders using 
the Scherrers’ formula Transmission electron 
microscopy studies of the heat-treated powders 
provide information on the microstructure and the 
particle size distribution in the samples. The bright 


field TEM micrographs represent the basic powder 
morphology where the smallest visible ultrafme 
particles might be identified with the crystallites or 
their aggregates. The bright field TEM micrographs, 
and their corresponding SAD patterns for the heat- 
treated Fe203 (400°C/3h) and a-Al^O^ (1025°C/2h) 
powders prepared through the TEA method are 
illustrated as representative examples in Fig. 14 (A 
and B), and Fig. 15 (A and B) and respectively. The 
presence of the ring in the SAD pattern signify 
crystallinity in the samples and indicate that each 
of the particles acted as a single crystallite, with exactly 
the same atomic array but were oriented differently 
to each other and were diffracting coherently. Spotty 
rings or single cry'stal diffraction patterns replaced 
these discrete ring patterns as the samples were heat- 
treated at higher temperatures. 

Considering the PZT [i.e., with composition 
Pb(Zr(j gTig 4)03] system as the representative example 
the major findings of the work is summarized below: 

• In the metal ion-polymer based precursor solution 
method, the optimum amount of the polymer (i.e., 
PVA and Sucrose-PVA) per mole of the metal 
ion required for a production of fine ceramic 
powders is 2:1. 
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Fig. 7 X-ray diffractograms (using CuK^ radiation) of the PZT [i.e., with composition Pb(Zr^j ^Ti„ 4)03] precursor powders produced 
through the metal-ion-ligand complex based solution method and heated at various temperatures; (A) DEA and TEA methods, 
(B) Citrate method, (C) Oxalate method, and (D) Tartarate method 
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Fig. 8 X-ray diffractograms (using CuK^^ radiation) of the PMN [Pb(Mgj^Nb 2 / 3 ) 03 ] precursor powders produced through the metal- 
ion-iigand-polymer based combination method and heated at various temperatures: (A) Metal ion-PVA-EDTA-tartarate evaporaion 
method, and (B) Metal ion-PVA-TEA-tartarate evaporation method 
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Fig. 9 X-ray dfffractograms<usingCuK^radiation)ofthesintered 
(1200°C/4h) PMN [Pb(Mgj^Nb2^)0.^] pellets prepared 
through: (A) Metal ion-PVA-EDTA-tartarate evaporation 
method, and (B) Metal ion-PVA-TEA-tartarate evaporation 
method 



Fig. 10 Variation of dielectric constant with temperatures for 
the the sintered (at 1 200°C/4h) PZT [i.e, , with composition 
Pb(ZrQ gTi(j 4 ) 03 ]pellets prepared through the PVA method 
with altering amounts of PVA per unit mole of the metal- 
ion. The metal-ion is to PVA mole ratios are: 1:0, 1:1, 
1 :2, and 1 :3 for the samples P^j, Pj , P 2 , and P^ respectively 
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Fig. 1 1 Variation of dielectric constant with temperatures for 
the sintered (at 1200°C/4h) PZT [i.e,, with composition 
Pb(Zry^Ti^3 4)03] and PLZT (La = 0,03 M) pellets 
prepared through the TEA method 



Fig. 12 Variation of dielectric constant with temperatures at I, 
10, and 100 kHz for the sintered PMN [Pb(Mg^^3Nb2/ 
3)03] pellets prepared through the PVA-TEA-tartarate 
evaporation method 



Fig. 13 Plot of ln(l/£ -1/eJ versus In(T„-T) at 1 kHz and 100 
kHz for the sintered PMN[Pb(Mgj^Nb2;3)03] pellets 
prepared through the PVA-TEA-tartarate evaporation 
method 




Fig. 14 Fe^03 (heat-treated at 400®C/3h) powders prepared 
through the TEA method 

(A) Bright field micrographs, and 

(B) Corresponding SAD patterns 



Fig. 15 a“Al203 (heat-treated at 1025®C/2h) powders prepared 
through the TEA method 

(A) Bright field micrographs, and 

(B) Corresponding SAD patterns 
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• Of the two polymer based precursor solution 
methods, the Sucrose method (which involved 
the addition of 10 moIe% of PVA per mole of 
sucrose in the starting solution) resulted in finer 
particles with narrow distribution at relatively 
lower heat-treatment temperatures (< SOO^C) 
compared to that of the PVA method. 

• Under similar sintering conditions, the maximum 

dielectric constant values {i.e., of the fine 

mixed-oxide powders change with the change in 
the preparative methods. It is observed that the 
approaches the highest value when the particle 
sizes were comparable to the crystallite size. 

• The physical characteristics of the mixed-oxide 
powders (le., the average particle size, dielectric 
constant and the formation temperature) obtained 
using the chelating agents DEA 
diethanolamine) and TEA (/.£?., triethanolamine) 
are comparable. However, the use of DEA results 
in the precursors that facilitate the formation of 
the oxide phase directly in the virgin precursor 
state (Le., before calcination) while the precursors 
produced using TEA yields the oxide phase after 
calcination at 450°C. 

• Comparison of the various complex-based 
precursor solution methods reveal that, that of 
all the methods, the mixed-oxide powders obtained 
using the organic amines (/.€?., DEA and TEA) 
as the chelating agents produced finer particles 
at a relatively lower formation temperature. 

• Of the various organic acids used (i.e., among 
the Tartarate, Citrate and Oxalate evaporation 
methods) as the chelating agent, the tartarate 
precursors produced the finest (with the average 
particle size of ~30 nm) powders at the lowest 
heat-treatment temperature (375°C), and having 
the highest value. 

• Of the various organic acids used as the chelating 
agent, the use of tartaric acid however results 
in mixed-oxide powders with average particle size, 
dielectric constant and formation temperatures 
comparable with those obtained using the organic 
amines (Le., DEA/TEA). 

• The physical characterization of the PMN [Pb 
(Mgj/3Nb2/3)03] powders prepared through the 
two methods revealed that the PVA-EDTA-Tartarate 
evaporation method resulted in finer particles 
(average particle size ~ 20 nm) at a comparatively 
low formation temperature (- 85Q°C). 


• Comparative studies of the room temperature 
dielectric constants also revealed that the PMN 
[Pb(Mg,/3Nb2/3)03] powders prepared through the 
PVA-TEA-Tartarate evaporation method have in 
higher values ('-• 13,300) than those obtained 
through the PVA-EDTA-Tartarate evaporation 
method (~ 10,500). 

The results of the TEM and the dielectric studies 
for the representative PZT [/.e., with composition 
Pb(ZrQ^TiQ4)03] fine powders, prepared through 
various methods and calcined at various temperatures 
for 2-4hrs are summarized in Table V. The results 
of the TEM particle sizes for the representative PLZT 
system is summarized in Table VI. 

Discussions on the Developed Methods 
MetaUIon-polymer Based Precursor Solution 
Method: the PVA Method 

The precursor solution is constituted of 
stoichiometric amounts of the metal nitrates dissolved 
in deionized water, and 10% w/v of PVA (molecular 
weight 1,25,000) maintaining an acidic pYi. The 
resulting viscous solution is put to heated over a hot 
plate with temperature maintained around 200'^C. 
Boiling of the precursor solution in nitric acid medium 
oxidizes the PVA to the corresponding ketone and 
at elevated temperatures it is ultimately converted 
to the carboxylic acid with simultaneous breaking 
up of the carbon chain. As evaporation proceeds, the 
nitrate salts are decomposed with the liberation of 
brown fumes of NO2. The continuous heating of the 
solution causes foaming and puffing and constant 
stirring is required to facilitate the escape of vapour 
from the solution. Complete evaporation of the PVA- 
added mixed-metal-nitrate solution results in a 
voluminous charred fluffy structure, which are easily 
crushed and ground to compose the precursor powder. 
On the basis of the experimental findings the 
carbonaceous precursor powders is presumed to be 
constituted of mesoporous carbon with some amounts 
of metal oxides embedded in its matrix, metal- 
carboxy lates (which are expected to form in-situ, from 
the reaction of the metal ions with the residue of 
the decomposed PVA) and trace amounts of 
undecomposed metal-nitrates. The composition of the 
precursor is changeable depending on the reactivity 
of the constituent metal ion and the various experimental 
condition such as: sample bed-temperature during the 
complete evaporation process, amount of PVA in the 
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Table V 

The summary of the characterization studies of the final PZT [with composition PbiZr^^fTi^^fiOfi powders obtained using the 

various methods 


Preparative Methods 

Temperature* 

(°C) 

Average Particle size§ 
(nm) 

Dielectric constant*”' 
(±50) 

Curie Temperature 
(± 2 °C) 

PZT SAMPLES 

PVA Evaporation Method 

500°C/2h 

100 

10,120 

362 

Sucrose Evaporation-Method 

480°C/2h 

80 

10,700 

365 

DEA Evaporation-Method 

200°C 

25 

11,520 

364 

TEA Evaporation-Method 

450°C/2h 

20 

12,475 

362 

Oxalate Evaporation-Method 

600°C/4h 

60 

6,500 

372 

Tartarate Evaporation-Method 

400°C/2h 

30 

11,900 

371 

Citrate Evaporation Method 

900°C/4h 

150 

5,650 

356 

PMN SAMPLES *** 

PVA-TEA-Tartarate Method 
PVA-EDTA-Tartarate Method 

1000°C/lh 

850°C/2h 

200 nm 

20 nm 

13,300 

10,500 



* Represents the minimum furnace temperature required to obtain the PZT/ PMN 
§ Average particle size from TEM Studies 

The maximum dielectric constant values for the various PZT samples at a constant frequency of 10 kHz at the respective Curie 
temperatures. 

*** PMN shows the room temperature (30°C) dielectric constant at I kHz. 

Table VI 

The External Formation Temperature and Corresponding Average TEM Particle Size for the Various La Modified PZT Systems 
Composition External formation temperature and corresponding average particle size (nm) 


PVA Sucrose TEA DEA 


0 . 6^0 4)03 

Where x = 0.03, 0.05, 0.07, 0. 1, 0.12 

500-650°C 
(80-120 nm) 

500-650°C 
(60-100 nm) 

500-600°C 
(20-40 nm) 

200-500“C 
(25-50 nm) 

Pbj_^(Laj_^ 3 D^ )x(Zr ().6'^i().4)i..x/4^.^ 

Where x = 0.03, 0.05, 0.1, D = Na, K, 

Li, Cs, T1 and z = 0.1, 0.2, 0.3, 0.5, 0.7 

600-750°C 
(100-150 nm) 

600-750°C 
(60-100 nm) 

550-700°C 
(40-80 nm) 

200-500°C 
(25-50 nm) 

^x^Zr (j^Ti(j 4)03 

Where x = 0.03, 0.05, O.I, 
and z = 0.1, 0.3, 0.5, 0.7 

600-750°C 
(100-150 nm) 

600-750°C 
(60-100 nm) 

550-700°C 
(40-80 nm) 

200-500‘^C 
(25-50 nm) 


Starting solution etc* Calcination at temperatures 
ranging between 400°C to 900°C, results in the 
formation of nanocrystals of the respective mixed- 
metal oxides* 


The tentative reaction mechanism for the 
decomposition of PVA is proposed as follows: 

HNO 3 /A 

(— CH*,— CH— CH^— CH— CH 2 — ) > 

**1 'I ' -NO, 

OH OH 

(— CH,— C— CH,— C— CH, — ) 

"11 ' II 

o o 


-> (— CH,— C— OH) + (— CH,— C— OH) 


II 

O 


O 


( 1 ) 


( CH, — C — OH ) -H IVL-" — > 

II 


o 

[( CH 2 — C — o ) + H+ 

II 

O 


.... ( 2 ) 


where represents the metal ion present in the 
system. 


The utility of the polymeric approach comes from 
the chemical bonding of the cations onto the polymer 
chains. In the reported process, PVA not only serves 
as a metal chelating agent but also acts as a fuel 
which provided heat through combustion during 
calcination of the precursor. The principal action of 
PVA in the preparation of the precursor powder 
changed with the amount of PVA added. The final 
phase and morphology of the powders were also 




66 


A PATHAK AND P PRAMANIK 


affected by metal ion to vinyl alcohol monomer unit 
of PVA mole ratio in the starting solution. 

When the amount of PVA added is small, the 
polar groups of the long chain of the polymer absorb 
only some of the cations present in the “precursor 
solution”. This results in segregation and 
inhomogeneous distribution of the metal ions in the 
polymeric network structure of PVA, which finally 
culminated in multi-phase final product on complete 
evaporation of the PVA-added metal nitrate solution. 

The calcination temperature and time, required 
for the complete solid-phase reaction, are dependent 
not only on the contact interface among grains but 
also on the distribution of the various components 
in the precursor material. In case of non-uniform or, 
less uniform distribution of the various cations (/.£?., 
segregated products), the atoms must pass through 
the contact interface among the phases to meet other 
kinds of atoms. When the amount of PVA added 
is small, this requirement is achieved only by raising 
the calcination temperature and prolonging the reaction 
time. This, however, leads to the growth in the 
crystallite size and a loss in the fine particle nature 
of the resulting powder. On the other hand, at lower 
heat-treatment temperatures, inhomogeneous 
distribution of the metal ions in the precursor leads 
to multi-phase final product. 

When the amount of PVA is too large, then several 
layers of the polymer cover the cations in the solution 
and the dehydration process takes longer time even 
if the distribution of the cations is more or less uniform. 
The presence of large amounts of polymer in the 
system, however, give rise to large amount of 
carbonaceous mass on complete evaporation of the 
PVA-added metal nitrate solution. This had a negative 
effect as it raises the temperature rather high and 
causes an increase in the heat liberated during 
calcination. The high temperature leads to the 
formation of large crystallites that are very strongly 
agglomerated. The high temperatures or the heat 
liberated can be lowered and lowering the oxygen 
content of the flowing gas in the furnace can slow 
the reaction down. However, doing so can be 
detrimental since the lowering of the temperature or 
the heat liberated would cause incomplete burning 
of all the carbonaceous matter and thus would result 
in residual carbon content. 

When moderate amount of PVA is used, the polar 
groups of the polymer chain of PVA play a wrapping 


and covering role for the cations in the solution. As 
a result, their mutual contact is voided. Thus, the 
metal ions remain uniformly distributed in the viscous 
liquid during evaporation and their segregation and 
precipitation from the solution were avoided. Since 
the distribution of the various metal ions remains 
uniform in the precursor material, the metal ions need 
only a short distance diffusion to complete the solid 
phase reaction. Hence definite phase formation of 
the desired oxide system takes place at relatively lower 
external temperatures and with the liberation of 
relatively less amount of heat. This results in 
comparatively finer particles than that of the excess 
PVA case. 

Thus, 2-3 moles of vinyl alcohol monomer unit 
of PVA per mole of metal ion was found to be the 
optimum amount of polymer required for obtaining 
the finest particles at the lowest external temperatures 
through the reported route. 

MetaUIon-polymer Based Precursor Solution 
Method: The Sucrose Method 

The sucrose solution in presence of small amounts 
of PVA, shows characteristics similar to that of a 
polymeric reagent. In this process the precursor 
solution is constituted of the stoichiometric amounts 
of the desired metal nitrates; aqueous solution of 
sucrose and aqueous solution of PVA (10 mole% 
with respect to the total sucrose). Complete evaporation 
of the resultant viscous solution is accompanied by 
the evolution of brown fumes from the decomposition 
of the metal nitrates. Pyrolysis (at temperatures 
varying between 300°C and 900°C) of the fluffy 
voluminous mesoporous carbon-rich mass, produced 
on the complete evaporation of the precursor solution 
of metal-nitrate-PVA-sucrose, gives rise to the 
nanosized powders of the desired oxide phase. 

The sucrose, being always in excess to the metal 
ions, works as a chelating agent and ensured 
atomistical distribution of the cations throughout the 
created polymeric network structure. The overall 
reaction can be represented as follows: 

^ 12 ^ 22^1 i+M(N 03 )^+(CH( 0 H)™CH 2 )„— > C+Mp^+NO^ 

The general idea is to distribute the cations 
atomistically throughout the polymeric structure so 
that selective precipitation is prevented during the 
evaporation process. Stability of the polymeric approach 
comes from the chemical bonding of the cations onto 
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the polymeric chain and from the development of 
extremely high viscosity polymeric solution. Even 
as the chemical bonding is destroyed during pyrolysis, 
the high viscosity favours low cation mobility which 
helps affect the crystallite/agglomerate morphology. 

The aqueous solution of sucrose in presence of 
dilute nitric acid gets hydrolyzed to fructose and 
glucose that gets further oxidized to gluconic acid 
(or, a poly hydroxy acid). 

C 12H220 1 ,+H^+H 20 — >C^H j 20 g(glucose)+ C^H^^O^Cfructose) 
CgHj20g + [ 0 } — > CgH,202 (gluconic) + others 

The gluconic acid has a carboxylic acid group 
in one end and five linear hydroxyl groups, which 
can participate in the complexation of metal ions 
and it may form branched polymer with PVA. It is 
observed that sucrose only in presence of PVA, in 
very small quantity (at 10%) gives rise to crushable, 
fluffy powder of the oxide system. And it was an 
empirical observation that the higher the fluffiness 
of the powders lower was the particle size. 

The PVA provides a polymeric matrix structure 
for the cations and also provides heat through 
combustion of the carbonaceous remaining of oxidized 
PVA. In addition, it helps in the polycondensation 
reaction in presence of oxidized saccharides and gives 
rise to a branched chain polymer network structure 
where the metal ion (M^^) are held in the hydroxylic 
pockets of the branch chain through complex formation. 
During pyrolysis of these branched chain polymer 
would release various gases from the pocket making 
the structure highly porous and fluffy. To substantiate 
the hypothesis, we performed the experiment with 
prepolymeric material from gluconic acid and PVA 
that produces the nanosized oxides very efficiently 
due to the efficient chelation from branched chain. 

For the cases of the phosphates/vanadates/ 
molybdates/tungstates, the immediate precipitation is 
to inhibited by the addition of EDTA. As EDTA forms 
stable complexes metal ions and the respective counter 
ions (e.g. VO^^“, MoO^^", WO^^“) remain in 

the solution because the organoamine-complexes of 
tungstate/molybdate have poor solubility in the 
complex-recipe mixture. 

MetaUIon-^Ligand Complex BasedPrecursor Solution 
Methods 

Similar to polymeric reagents used in the metal 
ion-polymer based precursor solution method, the 


chelating agents used in the developed synthesis 
methods play a dual role. They help to keep the metal 
ions uniformly distributed throughout the viscous 
liquid at the time of evaporation and thus circumvent 
the precipitation /segregation of the metal ions from 
solution. Again, the carbonaceous materials, obtained 
from the evaporation of the polymer/chelating agents, 
provide heat through combustion for the formation 
of the respective phases. This facilitates the reduction 
of the external temperature required for the formation 
of the desired mixed oxide phase. 

Conclusion 

In this paper, we report few simple and versatile 
chemical processes for the preparation of nanosized 
ceramic oxides starting from metal-polymer based 
and metal-ligand complex based precursor solutions. 
The principle was to atomistically disperse the metal 
ions in a matrix provided by a polymeric reagent 
or through complexation with various chelating agents 
that possess good coordination properties with the 
metal ions. Evaporation of the precursor solutions 
resulted in fluffy, voluminous carbonaceous mass that 
constituted the precursor material. The polymers and 
the chelating agents used in the developed synthesis 
methods play a dual role. They help to keep the metal 
ions uniformly distributed through out the viscous 
liquid at the time of evaporation and circumvented 
their precipitation/segregation from the solution. 
Again, the carbonaceous materials generated from 
the complete evaporation of the polymer/chelating 
agents, provided heat through combustion and facilitated 
the reaction at a reduced value of the external 
temperature to obtain the desired mixed oxide phase. 

On pyrolysis of the precursor powders, the metal 
ions formed clusters with the oxide ions and were 
embedded in the resulting matrix of the mesoporous 
carbon. With the slow oxidation of the carbon, at 
heat-treatment temperatures ranging between 500°C 
to 900°C, the cations formed nanocrystals of the 
respective mixed-metal oxides. The exothermic 
decomposition/pyrolysis of the precursor powders was 
accompanied by the evolution of large amounts of 
gases. The evolution of various gas (such as : water 
vapour, CO, CO 2 NO^, etc.) not only helped the 
precursor material to disintegrate but also to dissipate 
the heat of decomposition, thus inhibiting sintering 
of the fine particles during the process. 

The developed methods utilize easily available 
laboratory reagents for the preparation of the fine- 
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grained mixed-oxide ceramic powders. They are 
versatile and can be extended for the preparation of 
a variety of mixed-oxide systems. Moreover, the 
methods are technically simple, and time and energy 
efficient, which makes the process cost effective and 
commercial viable for large-scale production of the 
fine mixed-oxide products. 
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The study of size effects in ferroelectric nanoparticles is very important because these are strong candidates 
for high density computer memories, and one would like to know how small one can make such devices before 
their properties start changing. It is also interesting to understand such effects from the point of view of basic 
physics. The ferroelectric transition in the technologically important perovskite-type (ABO^) systems is strongly 
affected by a reduction in the particle size=beIow 100 nm. With decreasing size, there is a monotonic reduction 
in the T^, and in the off-center displacement of the B-ion. Thus, there is a size-induced structural di.stortion 
that reverts the crystal to its high-symmetry paraeleclric phase (which is normally stable only above Tf) even 
at room temperature. The dielectric transition at also shows a marked broadening in small particles. Here, 
the author reviews the data on nanocrystalline ferroelectrics and antiferroelectrics and present a simple microscopic 
model for structural transitions in displacive ferroelectrics. Finally, it is concluded that many of the ‘thickness’ 
effects in ferroelectric thin films can actually be ascribed to grain size effects. 

Key Words: Ferroelectric; Antiferroelectric; Nanoparticles; Thin Films; Finite Size Effects; Landau Theory; 
Structural Phase Transition 


1. Introduction 

1.1 Basic Concepts and Motivation for the Study 

In recent years, the study of finite size effects 
in various classes of oxide nanoparticles has acquired 
great significance since many such systems have 
important applications, such as in catalysis, sensors, 
various types of memory elements, micro-electronic 
and electro-optic devices, and also as precursors for 
high strength materials. Finite systems have been of 
great interest to physicists because they exhibit a 
number of novel phenomena such as quantum size 
and confinement effects and various types of surface 
and interfacial effects. In order to predict the 
performance of a particular device or component based 
on nanomaterials, it is essential to understand the 
way in which various structure-property relations 
change with particle size in such systems. For the 
purpose of this paper, a ‘nanoparticle’ is defined as 
a small solid whose physical dimension lies in the 
approximate range of a few nm to a few hundred 
nm. Though one would ideally prefer to study such 
systems in isolation, a real experiment usually ends 


up probing a collection of either closely or loosely 
aggregated nanoparticles. 

It is reasonable to expect that the ideal systems 
in which to investigate finite size effects are the ones 
which exhibit some form of co-operative (long-range) 
ordering, such as superconductors, ferromagnets and 
ferroelectrics. In the present review, we restrict 
ourselves to the study of various types of size effects 
in ferroelectric (as well as antiferroelectric) 
nanoparticles and thin films. A ferroelectric is usually 
defined as a system which exhibits a spontaneous 
dielectric polarization (for T<T^, the Curie temperature) 
that can be reversed by the external application of 
an electric field. In an antiferroelectric, on the other 
hand, there exists an antiparallelly ordered array of 
local dipoles, which results in the net polarization 
being zero. 

Conventionally, a ferroelectric is termed 
‘displacive’ when the elementary dipoles strictly 
vanish in the paraelectric phase, and ‘order-disorder’ 
when these dipoles are non-vanishing but thermally 
average out to zero in the paraelectric phase. It is 
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possible to rigorously distinguish between the two 
types of systems on the basis of the dynamics of 
their phase transition and the nature of the soft mode 
involved, whether propagating or diffusive ^ However, 
one now recognizes that it is often difficult to classify 
a particular ferroelectric or antiferroelectric as strictly 
‘displacive’ or ‘order-disorder’. 

There are a number of interesting current and 
potential applications that involve ferroelectric and 
piezoelectric materials. These include sensors, nano- 
robotic and micro-electromechanical devices^. In 
addition, interest in ferroelectrics is growing rapidly 
because the high dielectric constant of a ferroelectric 
can be utilized in dynamic random access memories 
(D-RAM), whereas its capacity for being polarized 
in opposite directions makes it an attractive candidate 
for non-volatile random access memories (NV-RAM). 
An important motivation for studying particle size 
effects in ferroelectrics is to determine the ultimate 
level to which a device based on such systems can 
be miniaturized. Also, from the point of view of basic 
physics, it is no less interesting to investigate systems 
in which the particle size is smaller than the correlation 
length corresponding to the long range dipolar 
ordering. 

L2 A Brief Description of the Origin of Ferro- 

electricity in Perovskite Systems 

Many important ferroelectrics and 
antiferroelectrics, particularly those belonging to the 
‘displacive’ category, possess the well-known 
perovskite stmcture. Since much of the finite size 
work also relates to this class of compounds, it is 
useful to briefly recapitulate the mechanism of 
ferroelectric ordering in them. Perovskites are generally 
oxide ceramics with the general formula ABO 3 . They 
have a cubic unit cell with the mono- or bivalent 
A cation at the cube comers and the smaller B cation 
(usually penta- or tetravalent) at the body centre, while 
the O ions are situated at the face centers (Fig. la). 
Tlie perovskite lattice is basically a three-dimensional 
network of BO^ octahedra, as shown in Fig. lb. The 
cubic perovskite structure shown in the figure actually 
represents the high-temperature (T > high- 
symmetry paraelectric phase. It is the off-centering 
of the B-cation in the oxygen octahedron that leads 
- through a lowering of the symmetry - to the creation 
of a local dipole moment, and ultimately to the 
ferroelectric or antiferroelectric ordering. The stmctural 



(b) 

Fig. 1 (a) Typical unit cell of the cubic perovskite structure 
(ABO 3 ), (b) The three dimensional network of BO^ 
octahedra forming the perovskite lattice 

distortion from the cubic (paraelectric) phase is 
therefore of fundamental importance to the stabilization 
of ferroelectric order in such ‘displacive’ systems. 
This concept is central to the understanding of finite 
size effects in displacive ferroelectrics. 

13 Overview of the Contents 

I will begin by presenting a historical overview 
of the study of finite size effects in ferroelectrically 
ordered systems and point out the various successes 
as well as inconsistencies in the early studies (Section 
2). Then I will present a more upto date accpunt 
of experimental studies, particularly in nanocrystalline 
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BaTiO^, PbTi03 and PbZr03. Also, I will compare 
the nature of size effects in ferroelectric s vs. 
antiferroelectrics, and displacive systems vs. order- 
disorder systems (Section 3). This will be followed 
by a discussion of the theoretical techniques that have 
been used to understand the finite size effects in these 
systems (Section 4). The observed size-induced 
structural phase transition is placed in a broader 
perspective before I discuss, in some details, a simple 
microscopic model which reproduces the size induced 
transition and changes in the A mechanism for 
the diffuse phase transition observed in nanoparticles 
is also suggested. The next section is devoted to various 
types of finite size effects that are observed in thin 
films (Section 5). The salient points are summarized 
in Section 6. 

2. Size Effects in Ferroelectric Nanoparticles: 

Early Days 

Research on finite size effects in ferroelectric materials 
was started surprisingly early (in the 1 950s) by Kanzig 
and co-workers. The first studies'^ were made on 
potassium dihydrogen phosphate, KH^PO^ (KDP), 
which is a rather complicated system in the sense 
that it has characteristics of both displacive and order- 
disorder mechanisms. It was found that the spontaneous 
polarization (which is the order parameter in 
ferroelectrics) is hindered in KDP fine particles 
embedded in an insulating medium with low dielectric 
constant when the particle size is less than 150 nm. 
Below a critical particle size which depends upon 
the embedding medium, the depolarization field 
prevents polar, ferroelectric structures. Normal 
ferroelectric behaviour was exhibited only when the 
particle size was above 0.5 ^m. 

A contrasting result was obtained in BaTi03, 
which is a predominantly displacive ferroelectric, in 
which the cubic perovskite paraelectric phase undergoes 
a tetragonal distortion (of about 1 %) below = 
1250c to a polar phase. BaTi03 fine particles in the 
size range of 30 nm to 2.3 jim (prepared by ball- 
milling) showed a small increase in the and a 
smearing of the transition with decreasing particle 
size'^’-"'. No critical size (for the destabilization of 
ferroelectricity) was observed in the above size range. 
The authors concluded from their electron diffraction 
studies that the deviation from normal ferroelectric 
behaviour was due to the existence of a 10-15 nm 
thick surface layer that was under a higher tetragonal 


strain than the bulk and had a higher T^. This layer 
also appeared to remain ferroelectric up to a temperature 
much higher than (by a few hundred degrees) the 
bulk They suggested that the misfit between 
the surface layer and the interior caused the broadening 
of the transition region and the lattice distortions. 

Some of the early results are inconsistent because 
the samples were often prepared by mechanical 
grinding, so that the observations were influenced 
by residual surface stresses, inhomogeneities and 
imperfect crystallization, rather than by intrinsic size 
effects. In spite of such difficulties, Kanzig’s group 
was able to make the key observation that the 
spontaneous tetragonal strain {da) at room temperature 
decreases with decreasing particle size. 

During the next two decades (60s and 70s) there 
was considerable progress in the study of grain size 
effects in ferroelectric ceramics, i.e., sintered compacts. 
These systems, and the results pertaining to them, 
differ in certain essential aspects from the quasi-free 
nanoparticles - which would appear to be more suitable 
for the study of ‘intrinsic’ size effects. However, 
ferroelectric ceramics are technologically important, 
and one cannot ignore the possibility of enhancing 
some of their properties by controlling the grain size. 
The salient observations on ceramic samples of 
(Pb,.^La^)(Zr, TipOj or PLZT^, Pb(Zr,. Ji^)03 or 
PZT’, and other systems can be summarized as 
follows. With a decrease in the grain size - generally 
in the 1-5 jam range - (i) there is a decrease in the 
peak dielectric constant (ii) the dielectric 

response peak (near T^) becomes broader, and (iii) 
the ferroelectric goes up. Martirena and Burfoot^ 
suggested that these observations may be explained 
in terms of an inter-granular effect (mainly involving 
the size dependence of the domain wall mobility) 
and an intragranular effect, for .which each grain is 
assumed to be a monodomain and one considers the 
effect of different-sized grains having different values 
of T^. The dielectric response of the system was 
simulated using the distribution model due to 
Diamond^ wherein it is assumed that the for 
different grains obeys a Gaussian distribution. Below 
each individual T^, the grains are assumed to have 
a constant dielectric constant, while the Curie- Weiss 
law is obeyed above T^. 

Martirena and Burfoot also made use of the 
concept of a diffuse phase transition (DPT). This is 
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based on the idea that the crystal (or ceramic) consists 
of many non-interacting micro-regions which can 
independently switch from a ferroelectric to a 
paraelectric state (or vice versa). Several physical 
situations that could result in a DPT were proposed. 
Particularly in the case of solid solutions such as 
PZT and PLZT, microscopic variations in the local 
chemical composition could give rise to a 
distribution and hence a DPT. The DPT effectively 
leads to a Curie region rather than the conventional 
Curie peak. A physically realistic situation will be 
introduced later which can lead to a DPT even in 
pure compounds for which one need not assume a 
compositional variation. 

In order to completely understand the grain size 
effects in ferroelectric ceramics, one may also need 
to consider the size dependence of the particular 
transverse optic mode^, the ‘softening’ of which (as 
T ->r^) causes the ferroelectric distortion of the lattice 

3, Ferroelectric Nanoparticles: Current 
Experimental Situation 

After a period of relative inactivity during 1975-87, 
the study of ferroelectric nanoparticles suddenly 
stopped being a purely academic exercise (except 
for piezoelectric ceramics, which had been 
technologically important for quite some time) because 
of a revival of the idea of a ferroelectric memory 
device. Besides, the possible applications of 
ferroelectrics and piezoelectrics as micro- 
electromechanical devices, sensors, etc. provides a 
strong motivation for the study of finite size effects 
in these systems. So, in the late 80s there was a 
spurt in both theoretical as well as experimental 
activities. By this time a lot of progress had also 
been made in the development and improvement of 
several synthesis techniques such as sol-gel, co- 
precipitation, microemulsion, sputtering, evaporation, 
spray-pyrolysis and laser ablation. This made it 
possible to study different compounds in the form 
of phase-pure, ultrafine particles with a narrow size 
distribution. 

Other than direct observations using electron 
micrography, the most popular and the easiest method 
for measuring particle size is based on X-ray 
diffraction line broadening. The coherently diffracting 
domain size (<^xrd) calculated from the full width 
at half maximum (FWHM) of the (111) diffraction 
peak using the Scherrer equation, which assumes that 


the small crystallite size is the only cause of line 
broadening: 

^XRD = KX/Pie)cose ...(1) 

where X is the X-ray wavelength, p(^G) is the 
instrument-corrected FWHM of the diffraction line, 
6 is the diffraction angle and K-\ if the particles 
are assumed to be spherical. 

3,1 Size Effects in BaTiO^ 

In its paraelectric phase (above » 125^^0), BaTi 03 
has a cubic perovskite structure. It transforms 
successively to three structurally different ferroelectric 
phases: a tetragonal phase (i25'^C to 5°C), an 
orthorhombic phase (5 to -90'^C) and a rhombohedral 
phase (below ~90®C). All three transitions are of the 
first order. 

Kanata et showed that in BaTiO^ fine 

particles, the decreases slightly with decreasing 
particle size between 20 /Jxn and 0.2 /Jm. These samples 
were sintered at high temperature but not hot-pressed. 
The authors talk about superparaelectricity and the 
possible presence of internal stresses but have no 
clear explanation. In this size range, the tetragonal 
to orthorhombic transition appeared to be insensitive 
to particle size. However, with a decrease in particle 
size, there was an increase in the thermal hysteresis, 
indicating that the latent heat of transition is strongly 
size-dependent. 

Another study of the variation of the tetragonal 
distortion (c/a) in BaTi 03 with particle size (in range 
O.I to 1.0 fjxn) was made by Uchino et who 

prepared the fine particles by co-precipitation and 
hydrothermal routes. They identified the as the 
temperature at which da drops to unity and determined 
the critical size for the existence of ferroelectricity 
to be 120 nm. This implies that the drops 
below room temperature when the particle size is 
lower than However, they did not make dielectric 
or other measurements to support the value of 
obtained from structure data at different temperatures. 

Very detailed X-ray diffraction (XRD) 
measurements were made in smaller-sized (10 nm 
to 1 fim) nanocrystalline powders of BaTi 03 by Schlag 
et al}^ and the structural phase change associated 
with the ferroelectric transition was not observed 
below a critical size of about 50 nm. Such a conclusion 
was also supported by measurements of the second 
harmonic generation (SHG) as well as differential 
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scanning calorimetry. It is, therefore, very interesting 
that no change was observed in the Raman spectra 
of the tetragonal structure, with a decrease in the 
particle size. This observation may be explained by 
the fact that while XRD and SHG probe the average 
crystal structure over several unit cells, Raman spectral 
response is determined by the symmetry of 
individual unit cells. Thus, the authors conclude that 
the polar distortion of the TiO^ octahedra continues 
to be maintained irrespective of the particle size, 
though the average structure over an ensemble of 
a few unit cells does become cubic. The authors 
suggest that such local distortions (in otherwise ‘cubic’ 
nanoparticles) exist only at the time scales of 
light scattering (/.^., ~10"^''^s). This is a significant 
point, but it is not entirely clear whether it is 
justifiable! 

The critical size (—50 nm) for the occurrence 
of ferroelectricity that was obtained in the above 
experiment, contradicts an earlier study of ^suspension 
of BaTi 03 particles stabilized by a monolayer of 
surfactant ^ The presence of a spontaneous polarization 
was probed through the electro-optic Kerr effect. The 
authors claim to have detected a permanent dipole 
moment even in 10 nm particles. However, such a 
claim can be contested on at least three grounds. 
Firstly, the fine particles were prepared by the 
relatively crude technique of ball-milling the bulk 
powder and it is quite likely that some relatively 
large particles may have been left behind. Secondly, 
ball milling is a mechanical attrition process which 
may easily create substantial surface damage and 
induce defects; which may show a ‘polar’ response. 
Finally, the size determination process (with arbitrary 
correction factors) appears questionable. 

J.2 Size Effects in PbTiOj 

PbTi 03 is a classical displacive ferroelectric with 
excellent dielectric, pyroelectric and piezoelectric 
properties. It has a tetragonal perovskite structure 
below T^, and transforms to a cubic paraelectric phase 
above = 490°C. In PbTiOj, the room temperature 
tetragonal distortion, is about 6%, as compared 

to only 1% in the case of BaTi 03 . Due to its obvious 
applications potential, rigorous size effect studies have 
been carried out in this system during the past decade. 

Ishikawa et prepared PbTi 03 fine particles 
{22<d^^^<52 nm) by an alkoxide route and made 
a Raman study of samples with different average 


particle size as a function of temperature. They 
measured indirectly using the principle that in 
displacive ferroelectrics, the lowest transverse optic 
mode, E( 1 TO), is often identifiable with the ferroelectric 
soft mode, whose frequency, >0 as For 

each sample,a)g was plotted as a function of temperature 
and the was identified as the temperature at which 
co^ extrapolates to zero. They found that decreases 
monotonically when the average particle size {d) is 
below 50 nm, and its deviation from the bulk value, 
can be fitted to the equation: 

T^{d) = 7^(00) » CI{d - d^.^) ...(2) 

with = 12.6 nm and C = 588.5'^C. Note that 
^crit which 7^— >0 K. A problem that 

may possibly occur with such an indirect measurement 
is that the surface depolarization fields may also affect 
the TO mode frequency and lead to unreliable 
conclusions. 

Zhong et al.}^ also made room temperature 
Raman-scattering measurements on PbTiOj 
nanoparticles (20 to 200 nm) prepared by a sol-gel 
method, and found that the co^ shifts towards lower 
frequencies with decreasing particle size. This was 
interpreted as a lowering of 7^ with size. They also 
performed differential scanning calorimetry (DSC), 
and identified the 7^ as the peak of the heat flow 
curve. The variation in 7^ with particle size again 
followed eq. (2), but this time with = 9.1 nm. 

Because it has a large spontaneous polarization, 
a high 7^, only one structural transition (at 7^), and 
there is a satisfactory conceptual understanding of 
its transition mechanism (clearly of the displacive 
type), PbTiOj is certainly the candidate of choice 
for studying finite size effects in ferroelectric systems. 
However, the studies reported above suffer from 
certain drawbacks: (i) The transition temperature is 
measured either indirectly, or using only a single 
method, (ii) there are no proper studies of the size 
dependence of the dielectric response - which is the 
single most important property of ferroelectrics, (iii) 
no clear correlation is made between the dielectric 
properties and the stmctural parameters (particularly 
the ferroelectric distortion). The following 
experiments were made in order to fill up these 
lacunae and obtain reliable data that could lead to 
a clear conceptual understanding of the situation. 

Ultrafine PbTiOj particles (20< 
were synthesized using a co-precipitation route. The 
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Fig. 2 Scanning electron micrographs of a typical nanocrystalline PbTiO, sample with an average particle 
size of 25 nm 


X-ray domain size (^xrd^ calculated from eq. 
(1). The equivalent spherical diameter of the particles 
was determined from the specific surface area 
measured by gas adsorption, while the size, shape 
and size distribution were also studied from scanning 
electron micrographs (Fig. 2). Since ferroelectric 
phenomena in displacive systems are controlled by 
lattice vibrational mechanisms, we expect ^xrd 
be more relevant to the problem than the other two 
'sizes’ measured. 

The ferroelectric transition was obtained from 
three complementary measurements: (i) dielectric 
response vs. temperature, (ii) temperature dependence 
of the tetragonal distortion (c/a), and (iii) differential 
scanning calorimetry (DSC). Note that da scales with 
the spontaneous polarization (which is the order 
parameter) in this class of compounds. XRD 
measurements were also made at temperatures down 
to 15 K to confirm that the large change observed 
in da at room temperature is an inherent particle 
size effect. 
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Fig. 3 Dependence of the room temperature tetragonal distortion 
(c/a) in PbTiO, on the particle size (d^R^). The dashed line 
is a fit to eq.(3). A plot of (c/a -1 ) as a function of the reduced 
particle size (L=dj^j^, a = lattice constant) is shown in the 
inset. The solid line represents a fit with the model described 
in Section 4.3 
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Fig. 3 shows the variation of the tetragonal 
ferroelectric distortion {da) with particle size at room 
temperature. The unit cell dimensions do not change 
down to -150 nm, below which c decreases and a 
increases with decreasing size. The resulting reduction 
in da is especially rapid below =60 nm. To estimate 
the critical size at which PbTiOj transforms to the 
cubic (paraelectric) phase at room temperature, we 
have fitted the da vs. dy.^^ data to an equation of 
the form: 

y = y„ - C exp[C(<i^rtt ” •••(3) 

with X ^xRD> and Cnv^-l- The 

critical size {d^^) is a fitting parameter. We find - 
by extrapolation - that da — when — >7.0 nm, 

i.e., ferroelectric order cannot be sustained below this 



Fig. 4 (Bottom) Temperature dependence of the low frequency 
dielectric response in nanocrystalline PbHO, for different 
sizes. (Top) Differential scanning calorimetric study of the 
effect of particle size on the ferroelectric transition in 
nanocrystalline PbT 103 


size. The dielectric, thermal and structural (variable 
temperature XRD) data all indicate that the 
decreases monotonically with decreasing particle 
size^^. 

The temperature dependence of the low frequency 
dielectric response function (£) in nanoparticle samples 
is quite instructive. Fig. 4 (bottom) shows that with 
a decrease in the particle size, decreases, 
decreases and the peaks become increasingly broader. 
For samples with dy.^^<26 nm, no peaks were 
observed in the e vs. T curves. In bulk PbTi03 
nm), a decrease in frequency leads to an 
increase in the f but the ferroelectric remains 
constant at — 500^C. In smaller particles of PbTi03 
(^XRD ~ however, we find that the moves 

up with an increase in frequency from 476°C at 500 
kHz to 488°C at 1 MHz. Also, for a particular 
frequency, the temperature interval between the 
maxima in tan5 (dielectric loss tangent) and eis larger 
in finer particles. These properties are typical of 
materials with a diffused phase transition, and will 
be discussed later. 

With a reduction in the particle size, the nature 
of the changes in the ‘dielectric’ and the ‘thermal’ 
transitions (observed by DSC) were found to be 
qualitatively similar. Thus, the peak in the heat flow 
shifted towards lower temperature and became broader 
and flatter with decreasing size in PbTi03 - as shown 
in Fig. 4(top). 

3.3 Size Effects in Antiferro electric PbZrO^ 

Unlike ferroelectrics, in which size effects have 
been studied for over 35 years, there were no detailed 
investigations in nanocrystalline anti ferroelectrics, 
prior to the study of PbZr03 by Chattopadhyay et 
PbZr03 is orthorhombic at BOOK with eight 
formula units per crystallographic unit cell. This 
structure is derived from a cubic perovskite prototype 
(the high-temperature paraelectric phase) by 
antiparallel displacements of the Pb ions along one 
of the original [110] directions t which becomes the 
a-axis of the orthorhombic phase. If the displacements 
of the Pb ions are ignored (so as to compare the 
unit cells of the paraelectric and the ferroelectric 
phases), we obtain a pseudo-tetragonal unit cell in 
the ordered phase, whose lattice constants (^3^, c^.) 
are related to the real orthorhombic unit cell (a, i, 
c) through: = al^2, and PbZr03 shows 

a strong dielectric anomaly at r^-500K. 
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Fig. 5 Dependence of the room temperature pseudo-tetragonal 
distortion in PbZrO^ on the particle size (d^^p). The 
solid line is an empirical fit. Inset shows the size dependence 
of the T^: measurements using DSC data are represented 
by filled circles, while those from dielectric data are shown 
by open circles 

Ultrafine particles of PbZr03 (down to 30 nm) 
were prepared using a modified sol-gel technique. 
The dependence of the pseudo-tetragonal distortion 
{c^a^) on the particle size is shown in Fig. 5. The 
crystallographic unit cell remains relatively undistorted 
(from the bulk) down to «100 nm, but below this 
size it shows an increasing tendency to become cubic. 
When the above data are extrapolated downwards, 
we are led to the conclusion that the crystal structure 
would become perfectly cubic below a size of 23 
nm. The monotonic reduction in the (obtained 
from dielectric and thermal measurements) with 
decreasing particle size is shown in the inset (Fig. 
5). Overall, size effects in antiferroelectric PbZr03 
were found to be qualitatively similar to those in 
the ferroelectrics PbTi03 and BaTi03. 

3,4 Size Effects in Order-Disorder Ferroelectrics 
It is clear from the preceding part of the review 
that nanoparticles of displacive systems such as 
BaTi03, PbTi03 PbZr03 found to show certain 
basic similarities, such as (i) a monotonic decrease 
in the with particle size below »100 nm, (ii) 
existence of a critical particle size below which 
ferroelectricity cannot be observed, (iii) a broadening 
of the ferroelectric transition peak and behaviour 


reminiscent of a diffuse phase transition at low sizes, 
and (iv) an interrelation between the the ferroelectric 
distortion, and the particle size. 

The behaviour of a typical order-disorder system 
such as NaNO^, however, does not fall into this pattern. 
Bulk NaNO^ undergoes a first order ferroelectric- 
paraelectric transition at 165^C, which is associated 
with a relatively large latent heat. Marquardt and 
Gleiter^^ prepared nanocrystalline NaN02 (down to 
5 nm) by three different methods, and studied the 
ferroelectric phase transition by differential thermal- 
analysis. Very little change in was observed down 
to 5 nm, whereas displacive systems start showing 
deviations in the at sizes as large as 100 nm. 
This clearly emphasizes the importance of the size- 
induced structural distortions in the nanoparticles of 
the displacive systems. The other obvious difference 
in the two types of system is that the thermal (as 
well as dielectric) phase transition is not at all observed 
in nanoparticles of displacive systems with a size 
below «25 nm, while even 5 nm NaNO^ nanoparticles 
show a clear transition peak. Size effects, therefore, 
appear to be much weaker in order-disorder 
ferroelectrics. 

4. Conceptual Understanding of Size Effects 
in Ferroelectrics 

4.1 Brief Review 

Till recently, the basic theoretical approach used 
to understand size effects in ferroelectric nanoparticles 
has been the Landau-Devonshire phenomenological 
theory. For a finite-sized, inhomogeneous ferroelectric 
with a second order phase transition, Zhong et 
write the total free energy in the form: 

+ jBP-' +iD(VP)2 Wv + . . .(4) 

where P is the polarization, and refers to the 
‘bulk’ value of T^. D is connected to the correlation 
length (<^), D = ^1A(T— The volume and surface 
integrals represent, respectively, the free energies of 
the interior and the surface. When compared to the 
analogous expression for an infinite and homogeneous 
ferroelectric, the extra terms that appear in eq. (4) 
are the gradient term and the surface term. The 
extrapolation length’, S, turns out be particle size 
dependent. It can then be shown that the polarization 
as well as the decrease with decreasing size and 
ultimately both vanish as d-^d . 

cnt 
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Later on, Rychetsky and Hudak-^ analytically 
solved the phenomenological model for the second 
order phase transition in spherical ferroelectric particles 
and obtained the temperature and size dependent 
dynamical dielectric susceptibility. Both these 
treatments'^’ however, ignore the possible presence 
of a surface depolarization field. Shih et al?- have 
considered the effect of incorporating the depolarization 
energy in the Landau free energy density. They 
consider cubic particles with alternating domains 
separated by 180° domain walls. Not unexpectedly, 
they found that the presence of a depolarization field 
can substantially lower the feiToelectric 

4.2 Size Induced Structural Phase Transitions - A 

Broader Perspective 

In all the perovskite type oxide ferroelectrics 
studied, we observe a decrease in the tetragonal 
distortion with a reduction in particle size. It is important 
to note that this effect is not special to ferroelectrics, 
but appears to be a manifestation of a much more 
general phenomenon. Our earlier studies have shown 
that in a large number of partially covalent oxides, 
the crystal lattice tends to transform into structures 
of higher symmetry when the particle size is reduced^"^. 
In certain systems (e.g., Fe ^03 and Al^O^), the size- 
induced distortion is large enough to actually produce 
a crystallographic transition to a high-symmetry 
structure^^. In other cases (such as the present one), 
there may be a gradual reduction in an asymmetry 
parameter {c/a -1) with decreasing size. 

We have also shown, qualitatively, how a decrease 
in the particle size may cause a change in the bulk 
lattice parameters via surface stresses^*"'. The anisotropic 
nature of the lattice expansion in the nanoparticle 
systems can be understood in terms of a tendency 
of such systems to become increasingly ionic with 
decreasing size^^. As a result, the inter-ionic bonds 
lose their directional character and the crystal tends 
to assume a structure with comparatively higher 
symmetry. It is interesting to note that the size- 
dependence of many important physical properties 
(such as superconductivity and magnetism, in addition 
of course to ferroelectricity) are often directly or 
indirectly connected to the anisotropic lattice distortion 
that accompanies a reduction in the particle size--^. 

4.3 Size Effects In Ferroelectric Nanoparticles: A 

Simple Microscopic Model 

We now present a microscopic modeF^ which 


helps us to understand the nature of size-induced 
changes in displacive ferroelectrics. PbTiO^ has been 
selected as a test system, though the results obtained 
should apply to other displacive systems as well. This 
model also allows us to make certain predictions about 
order-disorder ferroelectrics, which appear to be 
consistent with the* data available for such systems. 
The model is based on two simplifying assumptions: 
(a) the finite sized ferroelectric system is quasi-free, 
i.e., it consists of loosely aggregated, undamped 
nanoparticles, and (b) the ferroelectric nanoparticles 
are not electrically isolated. Under these conditions, 
we can ignore the effects of external strain and 
depolarization. 

Most experiments show that a reduction in the 
size of ARO^-type displacive ferroelectrics and 
antiferroelectrics is accompanied by a monotonic 
decrease in the ferroelectric - the temperature at 
which the high symmetry paraelectric structure 
transforms to a low symmetry phase in which the 
B ions no longer occupy the centrosymmetric positions 
in the BO^ octahedra. When the particle size is made 
sufficiently small ferroelectric system 

reverts to the paraelectric phase, however low the 
temperature. In other words, the observations suggest 
that the ferroelectric to paraelectric transition may 
be made to occur as a function of increasing 
temperature or decreasing size. The following 
microscopic model naturally leads to a size-induced 
structural phase transition of the first order. 

The displacement of the centrosymmetric R-ion 
to an off-centric position at the ferroelectric 7^, is 
accompanied by a distortion in the cubic (paraelectric) 
unit cell to one of lower symmetry, e.g. (in PbTi 03 ), 
a tetragonal one with sides ^x^xc. The tetragonal 
distortion {da -1) is experimentally found to scale 
with the order parameter. The displacement {d) of 
each such ion clearly requires some energy, and the 
system would undergo a ferrodistortive transition only 
when it gains a larger amount of energy from the 
interaction of the resulting dipoles, which are aligned 
in some particular fashion. 

The dipolar interaction energy of the stable 
ordered phase, (-^zz?^), should be comparable to kT, 
where z is the coordination number. So, the displacement 
{d) should be at least '^{kT/JzX for dipolar alignment 
to take place. Note that this argument itself implies 
the possibility of driving the transition by varying 
either the temperature, or the system size (which 
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controls the average value of z). So, the model 
describes the temperature-driven transition in the bulk 
material, as well as the size-driven transition in finite 
systems. 

The interaction energy between the nearest 
neighbour dipoles can be phenomenologically described 
by Jdid.a.aj , where a =±1 is an Ising variable, which 
accounts for the fact that the central ion can be 
displaced in two opposite directions. J is positive 
for ferroelectrics and negative for antiferroelectrics. 
The effective Hamiltonian for the problem is thus 
the sum of an elastic part and an Ising part. From 
symmetry considerations, we obtain: 

// = I (^2^? + didja,-aj ...(5) 

i " iJ 

This Hamiltonian is solved by treating the Ising 
variable via an inhomogeneous mean-field theory 
(IMFT) and the displacement variable within a saddle 
point approximation. To bring out the difference 
between sites in the bulk and those near the surface 
of the finite system, the IMFT is carried out with 
open boundary conditions to study the size-driven 
transition and periodic boundary conditions to obtain 
the bulk transition. Finally, we obtain the free energy 
density in the form: F{d) = E{d) + I{d), where the 
elastic part, E{d), is given by: 


E{d) = ...(6) 

2 “ 4 



Fig. 6 Schematic representation of the elastic energy and the Ising 
energy contributions to the total energy 


and the Ising part, Kd), is given by: 

I(d)= Ljvr?dP- - rin 2 cosh( - ) ...(7) 

where mH<oc>=tanh {JzSmIT). The saddle point 
values of d, obtained by minimizing F{d), are = 0 
and d = The nature of the 

variations of E{d) and /(J), and the presence of the 
two minima in F{d) are shown schematically in Fig. 
6. Clearly, it is this two-minima structure of the free 
energy that is responsible for the first order ferroelectric 
(J = d^) to paraelectric (J = 0) transition. 

For PbTi 03 , the model parameters and 

J) were determined from our experimental data^^. 
We can now plot the phase diagram in the temperature- 
size plane (Fig. 7) by calculating d^iT) for each L 
from d^^-'4[(Jz{L)nlr-X^)/X^. The phase boundary for 
displacive systems (X^>0, solid line) represents first 
order transitions for all 7V0. Thus, the theory predicts 
a suppression in with reducing size. In systems 
with X^<0 (which usually describes order-disorder 
ferroelectrics), size effects are greatly suppressed, as 
shown by the dotted curve in Fig. 7. One would 
require to study very small particles at temperatures 
close to 7^, to observe such effects. This is also in 
agreement with experimental observations. We 
conclude that the observed size effects in ferroelectrics 



Fig. 7 Temperature-size phase diagram obtained from the model 
described in Section 4.3. Displacive and order-disorder 
systems are represented by the solid and dotted lines, 
respectively 
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appear mainly to arise from a lower average coordination 
number for the atoms close to the surface of a 
nanoparticle. 

An important advantage of the model described 
above is that it has only three fitting parameters, 
while the phenomenological Landau theories'^’-- have 
about twice as many. Also, it can be easily extended 
to describe displacive-type ^/zriferroelectrics, simply 
by making J negative. It has been shown-^ that the 
nature of the size dependence in antiferroelectrics 
is the same as that in ferroelectrics (with J being 
replaced by 171). This is also supported by the results 
on PbZr03 nanopaiticles (Section 3.3). 

4,4 Diffused Phase Transition in Ferroelectric 

Nanoparticles 

We now consider another experimentally observed 
feature in ferroelectric and antifen'oelectric nano- 
particles. The dielectric studies {evs.T) on nanoparticles 
of ferroelectric PbTiO^ ^ ^ and antiferroelectric PbZr03 * ^ 
can be summarized as follows. With a decrease in 
the particle size: (i) the peaks in the £-7 curve become 
broader, (ii) there is an increase in the separation 
between the peaks in the tan<5 vs. T and e vs. T 
curves (tan<5 is the dielectric loss tangent), (iii) there 
is an increasing deviation from the Curie- Weiss law 
(discussed later), (iv) both the £ vs. T and tan5 vs. 
T curves show marked frequency dispersion, (v) the 
decrease in the tetragonal distortion, c/a as 
becomes more gradual in samples with smaller particle 
size, (vi) values of obtained from different 

measurements (dielectric, thermal and stmctural) do 
not coincide, and (vii) with a decrease in frequency, 

decreases while increases. 

The broadening of the dielectric and thermal peaks 
at the ferroelectric transition as well as most of the 
other observed features are recognized characteristics 
of the so-called ‘relaxor’ ferroelectrics which exhibit 
a diffused phase transition^^~^\ The diffuseness of 
a ferroelectric phase transition can be quantitatively 
estimated”^ by fitting the part of the e-T curve above 
^max (where corresponds to the peak in e) with 
following equation: 

e"‘-emax=C-kr-7’^ax)'' -(8) 

whei'e C is a constant and the critical exponent 
for a classical Curie-Weiss ferroelectric. According 
to the local compositional fluctuation model, we 
expect )«=2 for a system with a totally diffused 


transition. For systems exhibiting intermediate degrees 
of diffuseness: 1<}<2. In the case of PbTi03^'^, the 
value of 7 was determined from the slope of a straight 
line fitted to log(l/£ measured at 1 MHz 

as a function of (T - As expected, the 

ferroelectric transition was found to become 
increasingly diffuse with decreasing particle size. For 
bulk PbTi03:7= 1 , whereas it was 1 .5 for the sample 
with dy^^^ = 31 nm, below which the transition peak 
gets totally smeared. 

Both dielectric and thermal measurements of 
apparently indicate that the ferroelectric transition is 
totally suppressed in PbTi03 PbZr03 when dy^j^^ 
is reduced below ~30 nm. This appears to contradict 
the structural data since the ferroelectric distortion 
corresponding to 30 nm is rather large (=5 % in PbTi03) 
and it is not seen to vanish even in the finest particles 
studied. Note that in the isostructural BaTi03, a 
tetragonal distortion of only 1% is sufficient to 
stabilize the ferroelectric phase. We, therefore, suggest 
that the nonappearance of a peak in the dielectric 


1. Application to Solid Solutions 
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2. Application to Nanoparticle system 
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DIFFUSE PHASE TRANSITIONS 

Fig. 8 A schematic comparison of diffuse phase transitions in a 
perovskite solid solution system (top) with local 
stoichiometry variations and a nanocrystalline system 
(bottom) with a particle size distribution 



82 


PUSHAN AYYUB 


and thermal response need not be construed as an 
absence of ferroelectric (or antiferroelectric) ordering. 

Diffuse phase transitions were discovered in 
perovskite solid solutions of the type 
in which, generally, there is no long range 
crystallographic ordering of the B and C cations. Local 
compositional fluctuations are therefore present 
throughout the crystal, so that it could consist of 
microscopic domains of ABO^ and ACO^ (Fig- 8, 
top). Since ABO^ and ACO^ would - in general - 
have different values of this would lead to a 
micro-level distribution about a central value 
corresponding to the for A(B^ There could 

also be an intermixture of ferroelectric and paraelectric 
regions if only one of the constituents of the solid 
solution is ordered at the observation temperature. 
The scale of heterogeneity is believed to be -10- 
20 nm-^°. 

The conceptual similarity between a solid solution 
and a nanocrystalline system can now be established. 
A nanocrystalline ferroelectric with an average size 
in the range of 10-50 nm would consist of a collection 
of crystallites with varying sizes (due to the inherent 
size distribution) centered around the mean size (Fig. 
8, bottom). Recall, that in the size range being 
discussed, particles of different sizes also have 
different values of T^. Since the variation of with 
size is more conspicuous in smaller particles - the 
latter should exhibit a more diffused phase transition. 
We have earlier mentioned that the distribution 
model had been invoked^ to explain the dielectric 
behaviour of sintered ceramics, in which a complicated 
stress distribution occurs due to the high compaction. 
In the comparatively loosely aggregated nanocrystalline 
material studied by us, the observed strain and the 

api>ear to depend directly on the particle size. 
However, in this case, the strain dependence is 
inherently a size effect and is not an artifact of sintering 
or high pressure compaction. 

5. Finite Size Effects in Ferroelectric Thin Films 

5.1 A Brief Review of Size Effects in Thin Films 

An enormous amount of developmental work has 
been done on ferroelectric thin films during the present 
decade - as evidenced by the publication of seven 
large volumes of Materials Research Society 
Symposium Proceedings titled ‘Ferroelectric Thin 
Films’. This has obviously been fuelled by the intense 
interest in the development of ferroelectric memory 
devices. A discussion of the technological aspects 
and the related synthesis problems are obviously not 
within the scope of the present review. In addition 


to the MRS Symposium Proceedings, the readers 
interested in device applications may refer to the recent 
and excellent review by Scott-^-. Here, we will merely 
attempt to cover some aspects of inherent size effects 
in ferroelectric thin films. Then we will also present 
an interesting effect in antifeiToelectric thin films, 
which appear to show ferroelectric behaviour below 
a critical thickness. This is included, because (as will 
be shown later) this is really a grain size effect rather 
than a thickness effect. 

From a review of the experimental observations, 
it is possible to classify the size (thickness) effects 
into four distinct categories-^^’-^^. A decrease in the 
thickness (r) in ferroelectric thin films usually leads 
to (i) a sharp increase in the coercive field, (ii) a 
decrease in the remnant polarization, (iii) a drop in 
the dielectric constant, and (iv) a broadening of the 
ferroelectric transition. Such changes usually occur 
when the film thickness is below -200 nm, but the 
actual value of this ‘critical thickness’ often depends 
sensitively on the nature of the microstructure, and 
hence on the synthesis conditions. One should also 
make allowances for film-substrate interfacial stresses, 
crystal quality, crystallographic orientation effects and 
epitaxy. Since the microstructure often changes 
continuously with t - thinner films being usually 
composed of smaller particles - it may be difficult 
to distinguish between particle size effects and 
thickness effects. Ren et al.^^ provide an example 
of this in their study of free standing polycrystalline 
PbTi 03 films. They find that domain structure and 
dynamic response change drastically when the thickness 
is reduced below 200 nm, because the thinner films 
are composed of nano-sized, single-domain grains. 

Most of the ‘size effects’ have a direct bearing 
on applications. One of the main problems involving 
ferroelectric thin film capacitors of finite area has 
been pointed out by Scott"^^. This arises from a 
reduction in the total quantity of switched charge 
due to the effect of fringing fields. Thus, in a circular 
disc of diameter 2|xm and thickness 200 nm (aspect 
ratio = 10: 1 ) the fringe fields produce a 7% reduction 
in the switched charge. But this effect increases non- 
linearly with decreasing aspect ratio, and is about 
23% for an aspect ratio of 5:1. 

5.2 Antiferroelectric to Ferroelectric Phase 

Transition in Thin Films 

A ferroelectric is primarily characterized by the 
existence of a hysteresis in the polarization measured 
as a function of the applied electric field (P vs. E). 
This arises from the electrical switching of the 
ferroelectric domains. An antiferroelectric, on the other 
hand, is usually recognized by the existence of eidouble 
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hysteresis loop in the P vs. E diagram. Since the free energies of the 
antiferroelectric and ferroelectric modifications of a particular crystal are 
not- too different, it is possible in certain cases to transform the former 
to the latter by applying a suitable electric field. 

For the possible application of ferroelectric thin films as D-RAMS 
and NV-RAMS, one requires to fabricate integrated devices, requiring the 
growth of ferroelectric thin filnis on semiconductor substrates. In this 
context, the recent observation (outlined below) that antiferroelectric thin 
films deposited on a semiconductor substrates become ferroelectric when 
the film thickness is reduced below a characteristic value, appears to be 
quite significant^^. 

This study involves the two antiferroelectric compounds: BiNb04, 
which has an orthorhombic stibiotantalite structure, and PbZrO^, which 
has an orthorhombic perovskite structure. Normally, BiNbO^ is 
antiferroelectric up to 360°C, ferroelectric between 360^C and 570®C, and 
paraelectric above 570°C. PbZr03 has a ~230°C and transforms to the 
cubic paraelectric phase above T^. But in high-purity PbZrO^ samples, 
it is possible to stabilize a rhombohedral ferroelectric phase^^ in a temperature 
range of 220-230°C. 

Phase-pure BiNbO^ and PbZrO^ films of different thickness (100 
nm<t<900 nm) were grown on single crystalline Si(lOO) substrates using 
pulsed laser ablated deposition. The PbZrO^ thin films were completely 
c-axis oriented, while the BiNbO^ films were'polycrystalline. Atomic force 
micrographs showed that an increase in film thickness was also accompanied 
by an increase in the average grain size in both systems. 

Dielectric hysteresis (P vs. jE) curves for PbZr03 can be shown to be of the order of 1 00 kV cm“^ which 

and BiNbO^ thin films show that in both cases, the is high enough to induce ferroelectricity in many 

thicker films (above t-500 nm) exhibit the expected antiferroelectric crystals. The nucleation of PbZr03 

‘butterfly’ loops typical of bulk antiferroelectrics, while and BiNbO^ grains on the substrate actually takes place 

- below a characteristic thickness - they show above their respective T^’s (the growth temperature 

ferroelectric-type hysteresis loops (Fig. 9). Note that being 700''C) and the samples were furaace-cooled 

the critical thickness (/^) below which ferroelectricity in the presence of the large intrinsic electric field 

is found to be stabilized is quite large - about half normal to the surface, which tends to orient the local 

a micron. A. study of the temperature-dependence of dipoles along itself. 



Fig. 9 Dielectric hysteresis loops (P vs. 
E) in PbTiO^/Si films of different 
thickness at 300‘’K 


the dielectric hysteresis in the thinner films (r < 
shows that the ferroelectric- loop with a saturated 
spontaneous polarization persists between room 
temperature and T^, while it behaves like a lossy 
dielectric above T^. This proves the genuineness of 
the ferroelectric loops observed in the thinner films 
of PbZr03 and BiNbO^ at room temperature. 

The observed stabilization of ferroelectricity in 
thin films of normally antiferroelectric materials can 
possibly be ascribed to the effect of the electric field 
produced at the semiconductor-dielectric interface. A 
crystal surface can be viewed as an extended defect 
because surface atoms have unsatisfied bonds and may 
be displaced from their equilibrium positions. Also, 
the periodicity of the crystal potential is interrupted 
at the surface, and the resulting deviation of the 
electronic structure at the surface leads to the formation 
of localized surface electronic states. For a typical 
semiconductor-insulator interface, the interfacial field 


The antiferroelectric to ferroelectric transition can 
be understood as follows. The grains start nucleating 
on the Si substrate in the presence of the strong inteifacial 
field (F’jf). The first layer of single-domain grains 
polarizes the next, and so on. But, an increase in 
thickness is accompanied by increasing grain size. 
When the grain size becomes large enough, ferroelectric 
domains start to appear within each grain, leading to 
a net zero polarization over small volumes, and 
terminating the process of sequential polarization. 
Thicker films would therefore tend to show bulk-like 
(antiferroelectric) properties. In this model, the critical 
thickness is determined mainly by the nature of the 
antiferroelectric and the grain size (controlled by the 
growth conditions), and would not depend strongly 
on the magnitude of 

It is significant to note that Batra et al.^^ made 
an interesting prediction about a similar ferroelectric/ 
semiconductor system. They suggested that the 
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depolarization fields in such a system (arising due to 
lack of compensation) would increase with decreasing 
thickness and cause a reduction in the polarization. 
Ultimately, the polar state would be unstable below 
a certain thickness. A ferroelectric showing a second- 
order transition in the bulk should, according to these 
authors, exhibit a new type of first order transition 
due to the depolarization fields, 

6. Conclusion 

Even though Kanzig’s group made several key 
observations on size effects in ferroelectrics as far back 
as in the early 50s, the early data in this area suffered 
from inconsistencies due to imperfect materials as well 
as the presence of surface stresses. Much of the older 
data (50s through to 70s) referred to fine-grained 
sintered ceramics rather than to free or quasi-free 
nanoparticles and the observation of diffuse phase 
transitions in such systems by Martirena and Burfoot 
is noteworthy. Both experimental results as well 
theoretical modelling appear to suggest that size effects 
in displacive type ferroelectrics and antiferroelectrics 
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The dielectric properties, electrical transport and Hall effect for nanostructured materials differ from those for 
micron sized materials due to increased interfacial atoms/ions and sinking of large amount of defects at/or 
near the grain boundaries. Each interface acts as a capacitor thus changing the dielectric value of the material. 
This change is highly pronounced in ceramics and compounds. The electrical conductivity in a polycrystalline 
material is the sum of the carrier transport under the applied field, in the grains and along/across the grain 
boundaries. The electrical conductivity can be studied by applying a d.c. voltage. However, if one is interested 
to investigate the dielectric property also, an a,c. voltage has to be applied and the variation of the impedance 
as a function of frequency must be measured. This gives in turn, both the a.c. conductivity and d.c. conductivity. 

Metals and alloys do not have capacitative and inductive components. Hence the resistivity or the conductivity, 
is studied by applying a d.c. voltage. Ceramics and composites have capacitative components and hence the 
second method namely the impedance spectroscopy is often employed to investigate the electronic and ionic 
transport properties of these materials. In this article, under the heading impedance spectroscopy, the dielectric 
properties of nanostructured ceramics and composites will be reviewed; under the heading d.c. electrical conductivity, 
electrical conductivity of nanostructured metals, alloys, ceramics and composites will be reviewed. The role 
of grain boundary scattering of charge carriers is an important factor in the study of transport properties. There 
are arguments for and against in the literature about G.B. scattering. Transport properties include diffusion. 
Hall effect and thermoelectric power also. However, only passing remarks will be made in this paper on these 
properties in nanostructured materials. 

Key Words: Nanostructured Materials; Metals; Alloys; Ceramics; Composites; Impedance Spectroscopy; 
Dielectric Properties; Electrical Conductivity 


Introduction 

Dielectric properties of ceramics and composites are 
important considering the application of these materials 
in electronics. The dielectric property gets modified 
due to defects, grain size, matrix of the composite, 
density distribution of the solute in the insulating 
matrix etc. Similarly the electrical resistivity which 
is related to the transport of charge carriers depends 
on the type of solids say metal, insulator or composite 
and also on the grain size, defects, doped impurities 
etc. The aim of this article is to review the status 
of these properties in nanostructured metals, alloys, 
pure and impurity doped ionic materials and composites. 
The first part will deal with the dielectric properties 
and the second part will deal with the electrical 
resistivity studies. The field of nanostructured materials 
has been reviewed by many authors and the readers 
may refer to them for ah overall view of these 
nanomaterials. 


(A) Impedance Spectroscopy Studies 
Electronic Ceramic Compounds 

Barium Titanate, Zirconia, Zinc Oxide and Titanium 
dioxide may be considered to be the most important 
electronic ceramic materials studied in 
nano-structured form^'^^. Apart from these, Ce02^^ 
Bi4ri30,2^^ Pb (Ino.5 Nbo 5)03^^ PZTon glass ceramics 
and metal particles like Cu, on glassy matrix 

have also been studied by impedance spectroscopy. 
Pakhomov et have reported the dielectric studies 
of metal-insulator nanocomposites describing the 
observed results in terms of the percolation theory. 
Also Bursill et sp'eak about the relationship 

between nanostructure and dielectric response function 
in Pb(Sc, Ta)03. Here the important results observed 
by various authors and their cvonclusion on the influence 
of the grain size and grain bo undary on the dielectric 
property of the materials will' be outlined. 
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Ferroelectric Ceramics 

Barium Titanate is a multipurpose material; it can 
be used as a dielectric medium in a high voltage 
capacitor, as a positive temperature coefficient 
thermistor (PTCR) with certain rare earth ions like 
Gd^'^ and also as a varistor although not frequently. 
It is a displacement type dielectric material with the 
transition temperatures at 120°C, -5°C and -95°C. 
Viswanath and Ramasamy-^ have studied the ferro- 
to paraelectric transition at 120°C as a function of 
grain size. Fig. 1 shows their results. Below the grain 
size of 32 nm, the material becomes amorphous and 
does not show any ferroelectric behaviour. Unlike 
in amorphous ferromagnetic materials where one can 
find spin ordering although the crystalline structure 
is in the amorphous state, in ferroelectric materials. 



Fig. 1 DSC spectra of nanocrystalline BaTiO, (a) dried gel. 
(b-g) heat treats at 750. 850. 950. 1 000. 1 050 and 1 250«C. 
respectively-* 

amorphous crystalline stmcture makes the electric 
dipole interaction very weak and hence no net 
ferroelectric ordering is observed. However, when 
the grain size exceeds 69nm the ferro to paraelectric 
transition becomes very sharp. In the recent literature 
one finds that in BaTi 03 , f^bTi 03 , etc. in general 
the transition temperature decreases with the 
decrease of grain size. This trend was attributed to 
the internal stresses that develop spontaneously in 


small grains^^'^-. However as early as in 1954 an 
increase in with decreasing particle size in BaTi 03 
has been reported"^-^. The existence of domain walls 
or surface layers in fine particles was given as the 
reason for this phenomenon. The change of the ferro 
to paraelectric transition temperature thus seems to 
be due to competing effects of internal stresses and 
domain walls in small grains. In a recent study on 
Bi^Ti^O,^, Jiang et al.r^ have reported that the 
diffusion of oxygen vacancies into the crystal lattice 
and clamping of domain walls are the reasons for 
the first increase and then decrease of with 
continuous decrease of grain size in a ferroelectric 
material. 

Viswanath and Ramasamy^^ have studied the 
behaviour of dielectric constant and the energy loss 
factor tan^^* in nanocrystallinc BaTi 03 sintered at 
1250*^0 with grain size approx'mately 69 nm as a 
function of temperature as weh as the measuring 
frequency. The dielectric constant shv>ws slight decrease 
with increase of measuring frequency’ at all measuring 
temperatures. Addition of aliovalent impurities upto 
a maximum level of 8 at % destroys the ferroelectricity 
of the system. Creation of holes due to the dopants 
to substitutional position of Ti"^'^ and their diffusion 
to the surface regions such as grain boundaries have 
been cited to be the reason for such a suppression 
of ferroelectricity. 

In the above paper, the role of grain boundary 
(GB) and the defects in the interfaces have not been 
considered. The influence of GB and defects on the 
dielectric property has been investigated by Viswanath 
and Ramasamy-'^'^ in the varistor material zinc oxide. 
Pure ZnO is an n-type semiconductor. However when 
it is doped with impurities like Bi, Co, Sb, B, Cu 
and Sn in the form of oxides these impurities form 
an insulating coating layer on the surface of the ZnO 
grains and the consolidated material turns to be an 
insulator containing semiconductor ZnO cores which 
can be used as a varistor. Complex impedance spectra 
of nanostructured 96 at % ZnO + 4 at % dopants 
at room temperature and 300°C in Oxygen and 
Nitrogen atmospheres are given in Fig. 2. The Z' 
- Z^' plots were fitted with two depressed semicircles. 
At RT the high frequency region gives a resistance 
of 10^ ohms and the low frequency region gives a 
resistance of 1 0^ ohms. The semiconducting ZnO grain 
core has a resistivity of 5-10 ohm - cm. Hence the 
high frequency region resistance has been considered 
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Fig. 2 Cl spectra of NS 96% ZnO-H4% dopants at RT and 30Cf’C in Oj and N^, atmospheres-^"^ 


as due to the diffused insulating layer on the ZnO 
grains. Then the low frequency region resistance has 
to be attributed to the G.B. The dielectric nature of 
the insulating layer has to be addressed to. Since 
the resistance R is the point where the imaginary 
part Z" cuts the Z' axis and the frequency co is known, 
the capacitance C has been calculated using the 
relation coRC =1. 

The electrical characterisation of nanostructured 
titanium dioxide (Ti 02 ) been investigated 

systematically by Siddhartha Bhowmik et and 
Knauth and Tuller^^. In the first case, the sample 
has been prepared by inert gas condensation technique, 
whereas in the second case the sulphate route has 
been used. Inert gas condensation gives about 95% 
rutile phase whereas the chemical route gives mainly 
anatase phase^^. Thus a comparison of the results 


of the two articles may be misleading since the 
ferroelectric domain structure in rutile phase and 
anatase may be different. Fig. 3 shows the impedance 
plot of the nanostructured Ti 02 sample with a grain 
size of about 10 nm studied by Siddartha Bhowmik 
et al Polarisations for Ti02/electrode/air interface, 
grain boundaries and grain interiors are clearly seen 
as three distinct semi-circles at low frequencies, 
intermediate frequencies and high frequencies 
respectively. The distortion of the semicircle at high 
frequencies corresponding to bulk region has been 
attributed to the presence of small amount of anatase 
phase along with the rutile phase. The authors have 
measured the impedance of microcrystalline Ti 02 also 
for comparison and it is shown in Fig. 4. 

Both the nano and microcrystalline T 1 O 2 show 
dominance in the resistivity of bulk region of the 
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Fig. 3 (a) Impedance vs frequency for a nanocrystalline 1102 
SampIecalcinedat400"C (673 K) at different temperatures, 
(b) Cole-Cole plot of nanocrystalline Ti02 calcined at 
400‘*C (673 K), showing the three major effects of (i) the 
electrode, (ii) the grain boundaries and (iii) the grain 
interior^"* 




Fig. 4 (a)CoIe-CoIe plot of microcrystalline TiO^sampIecalcined 
at 800^’C (b) Impedance vs frequency for microcrystalline 
Ti02 sample calcined at 800 “C‘^^ 


grains. Also the increased grain boundaries in 
nanocrystalline Ti02 have the net effect of increasing 
impedance. The effect of sintering seems to reduce 
the grain boundary resistance. One important point 
to be noted is that the increased porosity and grain 
boundaries of the nanocrystalline Ti02 result in the 
increased sensitivity of the frequency response. The 
tan <5* for the nanocrystalline samples decreases with 
increased sintering temperature in the frequency range 
1 Hz to 10^ Hz and for samples calcined at high 
temperatures, this loss remains constant in the 
temperature range studied. The effects of interstitial 
Ti^'*’, Ti"^"^ and Oxygen ion vacancies on the nature 
of impedance and electrical conductivity have posed 
a problem for these authors. Knauth and Tuller^*^ have 
chosen nanostructured anatase Ti02 to investigate the 
electrical and defect thermodynamics using impedance 
spectroscopy. The impedance spectra obtained by 
them for coarse grained (<i=.l/mi) rutile Ti02 
nanocrystalline {d = 35 nm) anatase (Ti02) are shown 
in Fig. 5. Densities of the samples are said to be 
nearly 95% of bulk density 4. 1 gm/cc. No phase change 
has been observed after impedance measurements at 
various temperatures. Coarse grained material shows 
two distinct semicircles corresponding to bulk and 
blocking grain boundaries. However, the nanostructured 
Ti02 shows only one depressed semicircle probably, 
as the authors argue, because the time constants for 
bulk and blocking grain become closer in value when 
the grain size decreases. This is an indication to the 
fact that the grain boundary resistivity is orders of 
magnitude lower in nanocrystalline samples due to 
size effects. 

The authors have studied the electrical conductivity 
both for conventional coarse grained and for 
nanocrystalline Ti02 as a function of Oxygen- partial 
pressure. Coarse grained Ti02 shows regimes of p 
type as well as n type conductivity depending on 
whether the Oxygen partial pressure is high or low 
respectively and the titanium ions found to be in 
fully ionised (Ti"^"^) in the interstitial positions with 
the characteristic exponent values 4-1/4 and -1/4. Thus 
the results have been interpreted by a defect model 
based on Cationic Frenkel disorder with fully ionised 
titanium interstitials. Unlike micron sized rutile TiO^, 
the nanocrystalline Ti02 gives ^characteristic exponent 
of “1/2 for low oxygen partial pressures. This has 
been explained assuming doubly charged titanium 
interstitials. Further, the nanocrystalline TiO, shows 
a plateau of conductivity at high oxygen pressures. 
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Fig. 5 Impedance spectrum at 580‘’C in air of nanocrystalline Ti02 (d:::35 nm). An impedance spectrum of a coarse-grained TiO^ 
ceramic (d~l pm) is shown in the upper right corner. The numbers above the spectrum correspond to the logarithm of the 
measurement frequencies^^ 


This has been interpreted as being a domain of ionic 
conductivity due to the high density of grain boundaries 
in nanocrystalline material which can act as preferred 
paths for diffusion of titanium ions at reduced 
temperatures. The low enthalpy of reduction of 
nano-TiO^ (7.8 ± 0.4) eV is related to the reduced 
defect formation energies at the interfaces. The 
increased sensitivity at low oxygen pressures implies 
that the nano-Ti 02 can be used as an oxygen sensor. 

Tschope^^ et al, have listed three important 
reasons as to how grain boundaries in polycrystalline 
semiconductors may be electrically active: (i) the 
formation of interfacial states as a result of broken 
symmetry, (ii) the altered defect thermodynamics at 
the grain boundary and (iii) the inhomogeneous 
distribution of charged defects resulting in a current- 
blocking space charge region. In nanocrystalline 
materials, the enhancement of all the above factors 
are high due to enhanced grain boundary densities. 
They have prepared oxygen nonstoichiometric cerium 
oxide, Ce 02 by inert gas condensation technique 
and recorded the complex impedance spectrum using 
HP4192A analyser. The impedance spectrum and the 
equivalent circuit are given in Fig. 6. The high 
frequency component is the bulk contribution and 
the second semicircle at low frequencies is the 
interfacial component since it appears above 10^ Hz 
whereas electrode polarisation effect is expected to 
be below 10 Hz. In the present case the value of 


bulk capacitance is approximately one order of 
magnitude larger than typical values for poly crystalline 
material. In the brick-layer model*"^^, the grain size 
and the width of the space charge layer determine 
the capacitance values in the equivalent circuit 
provided the permittivities in the bulk and the grain 
boundaries are similar. Hence as the grain size in 
a nanostructured material approaches the same order 
of magnitude as the space charge width, the capacitances 



Fig. 6 Complex impedance spectrum of nanocrystalline 

at 1 30“C in 1 % H 2 /He. Full dots are measured data points 
and the solid line is the simulation by the indicated 
equivalent circuit. Measurement frequencies of lO"', 10^ 
and 10”^ Hz are indicated in the figure^ ‘ 
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should become almost equal. Thus the result obtained 
for CeO^ ^ illustrates that the distinction between bulk 
and grain boundary region tends to vanish as the 
grain size is reduced to the nanometer regime. The 
activation energy of the electrical conductivity for 
nanocrystalline has been found to be 0.7 eV 

compared to the value of 1 .97 eV reported for single 
crystal of CeO^. Since the difference is much larger 
than the value of hopping mobility energy (0.4 eV), 
it has been proposed that the enthalpy of carrier 
formation is lower in nanocrystalline Ce 02 _x* 

Zirconia is one of the technologically important 
material which usually shows oxygen non- 
stoichiometry. Shusheng Jiang et have reported 
electrical conductivity studies of 4mol % yttria 
stabilised ZrO^ prepared by combustion technique^^. 
The impedance spectra have been recorded at various 
temperatures for samples with the grain size ranging 
from 10 nm to 200 nm. The relative density ranges 
from 68% to 98% of the theoretical density 
6.1gm/cc, the stabilized crystal structure being 
tetragonal. The total effective resistivity and the 
effective resistivities of the grain and the grain 
boundary are found byjneasuring the distance between 
the vertical axis (Z" axis) and the intercepting points 
of the impedance semicircles that correspond to the 
electrode, the grain and the grain boundaries 
respectively, with the horizontal axis (Z' axis). The 
Arrhenius plots for the grain resistivity and the grain 
boundary resistivity are shown in Fig. 7 for the sample 
of grain size 100 nm. The activation energy for the 
oxygen vacancies in the grain boundary is found to 
be higher than that in the grain. However, the activation 
energies for the migration of oxygen vacancies in 
the grains and in the grain boundaries as a function 
of grain size remains almost constant for the grain 
size range 100 nm to 200 nm with relative density 
range 68% to 99%. The ratio of oxygen vacancy 
concentration in the grain boundary to that in 
the grain Cg has been estimated experimentally from 
the impedance data. It has been found that, above 
90 nm grain size, the oxygen vacancy concentration 
and the activation energy for the oxygen ion conduction 
do not change with grain size. The authors have arrived 
at the conclusion that in order to achieve the unusually 
high oxygen-vacancy concentration and to enhance 
oxygen-ion conductivity as reported in the literature"^, 
the grain size of the stabilised Zirconia should be 
reduced to less than 10 nm. Recent investigations 
reported by Ramamoorthy et support this 




Foit-FtrirHi Di»«N T4irnp«rotur# (*C) 

Fig. 7 (a) Arrhenius plots of the resistivities of the grain and the 
grain boundary for a Y-TZP sample (4 mol% 
following the fast-firing at 1200‘'C for 2 min. (b) The 
influence of the fast-firing dwell temperature on the 
activation energies of the oxygen-ion conduction in the 
grain and the grain boundary of Y-TZP sample (4 mol% 
Y 2 O 3 ). A dwell time of 2 min was used in each case^* 

conclusion. The complex impedance spectra of yttria 
stabilised ZrO^ at 573K obtained by these authors 
are shown in Fig. 8. The initial average grain size 
of the stabilised powders annealed at 1073K for 1 
hour has been found to be around 1 0 nm. The Arrhenius 
plots of conductivity in grains, conductivity in the 
grain boundaries and the total dc conductivity are 
shown in Fig. 9. The Table I gives the corresponding 
activation energy values as a function of Yttria dopant 
moI%. The activation energies reported for grain 
conductivity 0.98 eV and for grain boundary 
conductivity 1 .20 eV are in agreement with the values 
reported by Shusheng et aL, (0.94 eV and 1.20 eV 
respectively). Since the activation energy for the total 
conductivity is almost equal to that for the grain 
boundary conductivity, it has been concluded that 
the conductivity in the nanostructurred stabilized Zr 02 
with grain size approximately 10 nm is mainly due 
to the oxygen ion conduction in the grain boundaries. 
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P* (Ohm -cm ) x 10^ 


Fig. 8 Complex impedance spectra of YSZ at 573 K (the semi 
circle I corresponds to the intragrain polarization and II 
corresponds to the grain boundary polarisation'^' 

Complex and Relaxor Ferroelectrics 

So far impedance spectroscopy studies of some simple 
oxide ferroelectric materials in nanostructured form 
were discussed. Their applications have been mentioned 
in respective references. Bismuth Titanate is a material 
which shows potential applications such as nonvolatile 
memory devices and ferroelectric field effect transistor 
memory devices of nondestructive readout (NDRO) 
modes. The dielectric constant as a function of 
temperature for different grain sizes ranging from 
15 nm to 56 nm for this material obtained by Jiang 
et aL^- is shown in Fig. 10(a). Knauth and Tuller^^ 
argue that the large dielectric constant of TiO^ reduces 
the electrostatic interactions between point defects 
(/.€.) the formation of, Ti‘^*’ + dipole is minimal. 
However, for Bi^Ti^Op, formation of oriented Bi 
interstitial ion + oxygen ion vacancy dipoles 
and their oriented polarisation seems to play a major 
role as the grain size is reduced down to 19 nm. 
The polarisation of these defect dipoles depends on 
the concentration of the defects on the grain surface 





Fig. 9 Arrhenius plots of(a) conductivity in grains, (b) conductivity 
in grain boundaries and (c) total dc conductivity in 

Table I 

Activation energies for ionic conduction in grains, grain 
boundaries and for total ionic conductivity in ultrafine grained 
YSZ systems with different yttria concentration 


Y 20 ., 

Concentration 

(moI%) 

(in grain) 
(eV) 

E^ (in grain 
boundary) 
(eV) 

E^(total) 

(eV) 

2 

0.98 

1.20 

1.17 

3 

0.97 

1.21 

1.12 

4.5 

1.12 

1.27 

1.27 

6 

1.02 

1.20 

1.18 

9 

1.17 

1.31 

1.29 

12 

1.22 

1.35 

1.32 
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and hence it has maximum value for 19 nm grain 
size sample which will have maximum surface/ 
interface area. Since 56 nm gain size sample will 
have the minimum defect dipoles, the peak of s- 
T curve corresponding to this vanishes. However, this 
peak reduces for 15 nm grain size sample also. Fig. 
10(b) illustrates the grain size dependence of 
ferroelectric transition temperature for this sample 
as measured by DSC. It is important to recall that 
Viswanath and Ramasamy-^ have not found any 
change in the for the grain size range 69 nm down 
to 32 nm in BaTi03. In Bi47l30j2 from 56nm to 




dCnm) 

Fig. 10 (a)Temperature dependence of dielectric constant (e) for 
^^pl^s with different grain sizes measured 
at frequency of 100 kHz. (b) Dependence of the Curie 
temperature {T^) on the grain size {d) for crystalline 

Bi4Ti30,,22 


26 nrn the increases. This is explained invoking 
“internal stress model”^^. When the grain size is further 
reduced, also decreases. This is argued as due 
to the dominance of domain wall pinning or clamping 
due to their lower mobility compared with internal 
stresses. The number of domains will decrease with 
decreasing grain size. The authors discuss that the 
combined effect of decrease in the number of domains 
and the clamping of domains by the defect dipoles 
and elastic dipoles (two different orientations of 
oxygen vacancies) may be the reason for the reduced 
value of dielectric constant for the sample with the 
grain size of 15 nm. Further research is needed to 
confirm the explanation given by these authors. 

Relaxor type ferroelectric materials have the 
general chemical formula Pb(B,B’)03. Their dielectric 
relaxation time and permitivity depend on the B*^"^ 
ion distribution in the octahedral sites. B and B'cations 
have different ionic radii. Pb (Sc^3TaQ3)03 (PST), 
Pb(Mgo .Nbo 3)03 (PMN) and Pb (In^^ Nb^^ 3)03 (PIN) 
are the examples. Elissalde et have prepared 

PIN material by ‘fast firing’^^^ process with grain size 
variation from 0.5 to 1 //m. The fast firing process 
has resulted in disordered structure of the system 
(i.e.) occupational positions of Iir'^'^ and Nb"^"^ have 
been altered. In this system In"^"^ seems to be inert 
for electrical polarisation and Nb-O-Nb chains give 
rise to the ferroelectric nature of the sample. The 
temperature dependence of the permittivity at 
different frequencies as measured by Elissalde is given 
in Fig.lL The TEM pictures show isolated polar 
clusters of size l-2nm in the disordered matrix. At 
high temperature T > these clusters are supposed 
to give high frequency relaxation. Small values of 
the permittivity at high temperatures and at high 
frequencies can also be explained considering this 
isolated clusters. When the temperature decreases, 
the correlation length for hopping of Nb-^+ may 
increase thus increasing the size of the polar regions. 
A larger size of polar regions will lead to slower 
relaxation mechanism and higher permittivity. At a 
particular temperature say 7=T^ (lowest transition 
temperature) the relaxation frequency for disordered 
matrix ^(LF) wilj be different from that of the 
relaxation frequencyjf (HF) for ordered (polar) regions. 
The reason is that the system is not completely ordered. 
Thus the dielectric properties of relaxor materials 
are related to nanostructure of polar regions. Similar 
polar domain regions have be n observed in PST 
using HRTEM by Bursill et aLp‘'^ . 
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Fig. 1 1 (a) Temperature dependence of at different frequencies 

(b) Temperature dependence of at different 

frequencies^-^ 

Metal-glassy Matrix Nanocomposites 

Chakravorty and his coworkers have been studying 
glass-ceramic metal nanocomposites from 1977 
onwards. Roy and Chakravorty"^'^ have prepared 
metallic silver strands of about 15nm length as an 
aggregate of 3nmdia silver particles on a glass ceramic 
by ion exchange process and investigated the dielectric 
properties of the system. The dielectric constant versus 
temperature and loss factor versus temperature are 
shown in Fig. 12. Upto 200K, both the dielectric 
constant and the tan^ remain constant with slight 
variation as a function of measuring frequency. 
Beyond 200K there is dispersion in both the quantities. 
The low temperature dielectric permittivity is said 
to be electronic in origin. This fact combined with 
the formation of silver strands is believed to confirm 
Gorkov-Eliasberg anomaly"^, namely that the one- 
dimensional metallic box (interrupted strand model) 
could be regarded as the anologue of the ultrafine 



T(K) 



Fig. 12 (a) Variation of the delectric constant as a function of 
temperature for an ion-exchanged glass-ceramic sample 
reduced at 873 K for 30 min. (X) 2 KHz, ( V) 5 kHz, 
(□) 10 kHz, (•) 20 kHz, (A) 50 kHz and (o) 100 kHz 
(b) variation of the dissipation factor as a function of 
temperature for an ion-exchanged glass-ceramic sample 
reduced at 873 K for 30 min. (XX72 kHz, ( ) 5 kHz, 
(□) lOkHz, (•) 20 kHz, (A) 50 kHz, and (o) 100 kHz^-^ 

metal particles having large spacing of electronic 
energy levels. The authors have assumed Maxwell- 
Wagner space charge mechanism"^*'' for the dispersion 
in dielectric permittivity at temperatures higher than 
200K. A diagonal-layer model having alternative 
insulating and conducting layers has been assumed 
and a value of s=616 at 5KHz has been theoretically 
estimated in good agreement with the experimental 
value of 680. One important factor to be considered 
here is that the loss factor is very low, the value 
being less than 0.1. Similar results have been obtained 
for silver nanoparticle-glass ceramic PZT composite 
by Kundu and Chakravorty"^. However for this sample, 
there is finite temperature coefficient between 100 
to 300 K in the dielectric permittivity for which the 
authors are unable to find any explanation. Further, 
the value of tan^^ increases upto 1. 

Recent work of Banerjee and Chakravorty^^^ on 
Copper-Silica nanocomposites synthesized by 
electrodepositions is highly informative. They have 
prepared three samples with average copper grain 
size of 11.4 nm, 8.8nm and 3.2nm in silica matrix. 
The interparticle separations were estimated to be 
14.4nm, 1 1 .7nm and 2.8nm respectively for the three 
samples. The metal particles in the matrix have fractal 
structure. Experimentally observed a.c. conductivities 
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by impedance measurement as a function of frequency 
at various temperatures for all the three samples are 
given in Fig. 13. The conductivities for all the 
specimens obey the frequency dependence cr((jo) oc 
n being 0.62 independent of temperature. The 
theoretical model proposed for the a.c conductivity 
for fractal clusters of metal particles on insulating 
matrix 

CTjiCO) - ... (1) 

where t is the power law exponent for d.c. conductivity 
above the percolation threshold and 5 : describes the 
divergence of the dielectric constant at the percolation 
threshold. For the systems under study 5 = 0.75 and 
£= 1.95. Substituting these values, the exponent n 
turns out to be 0.72 which is higher than the value 
obtained from the experimental results. This is the 
case for other systems also as per the authors. Hence 
it seems that the theory needs modification. The 
temperature-independent nature of the a.c. conductivity 
exponent is shown to be characteristics of quantum 
mechanical tunneling model in amorphous 
semiconductors- Assuming Cu-Si02 gel system as 
equivalent to a homogeneous random quantum 
mechanical tunneling material, the authors have fitted 
the a.c conductivity data using the radius of electron 
wave function localisation a and N(Ep) turns out 
to be 4.5 X lO^^cc. Since theoretical and experimental 
values are almost same, it is concluded that Cu 
nanoparticles in Silica gel constitute the localised 
sites for the electrons. The dielectric dispersion of 
these has been analysed in term of a stretched 
exponential relaxation function^^ using dielectric 
modulus data. Pakhomov et have studied (Nig^ 
(Si 02 )|.x samples and suggested that the low- 
frequency behaviour may be due to a combination 
of metallic and tunneling conduction. Brouers 
have considered the influence of boundary scattering 
on transport phenomena in (NiFe)^ '^hich 

is a ferromagnetic metal-dielectric nanocomposite. 
It may be more appropriate to add this factor in 
explaining the data obtained by Banerjee et 
and Pakhomov^^. 

(B) D.C. Electrical Conductivity Studies 
Metals 

As early as in 1969 Fujita et reported 

enhanced superconductivity in aluminium granular 
films prepared by means of inert gas condensation 
technique. The degree of enhancement depended on 




Fig. 13 Variation of ac conductivity as a function of frequency 
for different specimens (a) Specimen 1 , (b) Specimen 2, 
(c) Specimen 
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the particle size and not on the thickness of the film. 
The mean size of the particles were estimated by 
XRD pattern to be less than 5 nm. The conductivities 
suggested that the particles were not insulated from 
each other but the electrical contact between them 
were perfect. As the particle size is much smaller 
than the electronic mean free path A of bulk aluminium, 
in the granular film the A was supposed to depend 
on the scattering at the junctions. Thus X was assumed 
to be of the same order of magnitude with the mean 
particle size. Hence the conductivity was found to 
be independent of temperature below lOOK. Fujita 
et reported the d.c resistance of films of Ag 

and A1 consisting of fine particles between 1.5 to 
300K in 1976. For silver, the particle sizes were 10 
and 30 nm respectively and for A1 the size was 20 
nm. The resistance for these specimen showed finite 
temperature dependence unlike for the sample 
containing 5 nm A1 grains. When the panicle size 
increases above 5nm the phonon scattering seems 
to increase thus giving rise to positive temperature 
coefficient of resistance. The fitting with Gruneisen’s 
relation*"'^ gives lower Debye temperature compared 
to the bulk metals. This implies the lattice softening 
as the particle size is reduced Bakonyi et have 
investigated the temperature coefficient of res:stivity 
in electrodeposited Ni in the grain size range 55 nm 
to 300 nm. As the grain size is reduced, volume 
fraction of grain boundaries which have a highly 
disordered structure increases. This structural disorder 
leads to an increase of temperature independent 
contribution to the resistivity causing a reduction of 
a as observed in Fig. 14. This is in agreement with 
the results reported by Fujita et al. in AI. Bakonyi 
et have studied the thermoelectric powers 

also for nc-Ni and microcrystalline Ni. A value 
S = --*15.5 /JV/K to -18 /iV/K for nc- Ni is less 
than the value 5(300 K) = -19.52 /tV/K for fee micro 
crystalline Ni. This difference is ascribed to an 
increased degree of disorder in the nanocrystalline 
state. Following the work of Bakonyi^^, Aus et 
have repeated the .resistivity measurements of 
electrodeposited Ni down to the grain size of 1 1 nm. 
They have observed the values of resistivity to increase 
with decreasing grain size. This excess resistivity has 
been shown to be directly proportional to the volume 
fraction of atoms in grain boundary and is associated 
with electron scattering events at the grain boundaries. 
These authors also have found the temperature 
coefficient of resistivity to decrease with decreasing 
grain size. 
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Fig. 14 Temperature coefficient of resistivity a versus 
deposition current density ij^^ for the ED Ni foils. For 
the TP series, the time- averaged values of the plating 
current pulse amplitude have been used to calculate the 
assigned value of The a value fo fee pc-Ni^^ is 
indicated by the arrow on the ordinate. The numbers given 
for some data point symbols represent the average grain 
size determined for that sample by XRD and/or TEM^^ 


Low temperature transport properties of 
nanocrystalline Cu, Fe and Ni have been reported 
by Pekala and Pekala^^"^ prepared by torsional 
deformation at quasihydrostatic pressure of 6 GPa 
(severe plastic deformation, SPD). For each metal, 
the nanocrystalline process causes a systematic 
increase in electrical resistivity which is accompanied 
by a suppression of the temperature coefficient of 
resistivity a. The temperature variation of electrical 
resistivity for the n-Ni and n-Fe exhibits a minimum 
around 30K and it seems to be of the Kondo type. 
The authors argue that the transport phenomena in 
these systems are strongly influenced by the electron 
scattering on the grain boundaries in agreement with 
the Mayadas-Shatzkes model^^. The structural disorder 
in the nanocrystalline metals reduces the 
electron-phonon interaction as demonstrated by the 
suppressed thermoelectric power maximum in 
nanocrystalline Fe. Usually a-minimum in resistivity 
versus temperature curve is observed due to spin- 
flip scattering (Kondo effect)^*^ or Mott metal-insulator 
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transitions^^’*"’^. However, in nanocrystalline tungsten 
which is a nonmagnetic metal, with a typical grain 
size of about 10 nm, Ramansani, as cited by Sauer^^, 
has observed a minimum in resistivity at a temperature 
T = 35K. Sauer'’^ has given a theory to explain this 
phenomenon based on conduction band width and 
says that this effect has its origin in the existence 
of a new length scale defined by the medium grain 
size in the nanostructured metal which leads to 
corrections to the conductivity tensor. These correspond 
to lowest-order quantum interference effects of 
conduction electrons at the grain boundaries. Whether 
such a resistivity can be seen in other nanostructured 
metals is yet to be experimentally seen. Results 
contrary to those discussed in the above paragraphs 
have been reported by Karpe et on thin films 
of gold containing nanocrystals. These authors have 
found grain-boundary scattering in thin-film 
nanocrystalline gold to be relatively small inconsistent 
with a large volume fraction of a strongly disordered 
grain boundary phase. Further, the temperature 
dependence of the resistivity of the nanocrystalline 
films is found to be in close agreement with that 
of bulk gold indicating that the Debye temperature 
is not strongly grain-size dependent. They have also 
found the irradiation effects with IMeV Xe^"^ and 
500 keV Ar’^ at room temperature to produce same 
saturation level of defects both in nanocrystalline film 
and in polycrystalline film. Thus the resistivity 
increase due to irradiation is not strongly grain-size 
dependent. The grain size of as deposited film was 
found to be 8 nm and that of the specimen annealed 
at 773K was 40 nm. Fitting the resistivity data with 
BIoch-Gruneisen formula''^ gives the Debye 
temperature = 185K which is within ±10K for 
the bulk gold. Thus the electron scattering due to 
grain boundaries seems to play no role in the resistivity 
which is in total contradiction to the argument of 
Pekala and Pekala'*"^ whose experiment on n-Cu, n-Fe 
and n-Ni followed Mayadas and Shatzkes. Karpe et 
have found the transmission probability electron 
through the grain boundary to be larger than 95% 
using a semi empirical formula 

<J = (ne^ /m^Vp ) _ (2) 

D being the grain size. Thus these authors argue that 
their results follow the results of Eastman^ ^ on n- 
Pd and not in agreement with the report of Huang 
et on a nanocrystalline consolidated copper. 
Since these results contradict many reports available 
in the literature in support of electron scattering by 
the grain boundary, it would be worthy to repeat the 


experiment and analyse the validity of the empirical 
formula. 

Birringer et have measured the grain size 

dependence of the electrical resistivity in nanocrystalline 
Pd in order to investigate whether or not a critical 
grain size exists below which the grain boundary 
length couples to the grain boundary structure and 
energy. The results are depicted in Fig. 15. Seeger 
and Schottky^ have argued that the electrical resistivity 
of a high angle GB is correlated to its excess volume 
and hence is directly related to its structure and energy. 
On the basis of the work of Mayadas and Shatzkes*'-'', 
Reiss et have derived an exact expression for 
the resistivity pof a nanograined material as a function 
of the average crystallite intercept length <L>: (used 
for linear thermal expansion of nanocrystalline 
materials). 

In p = ^ - {lJ<L>)\nT ... (3) 

where is a constant related to the electrical resistivity 
of a defect free single crystal of the same chemical 
composition as the fine-grained material, is the 
electron mean free path in the defect free single crystal 
and Tis atranmission coefficient for electrons through 
GBs. According to Seeger and Schottky^"^ the T of 
a given GB is correlated to its excess volume; hence 
the deviation from linear behaviour evident in Fig. 
15 at small mean intercept length <L> < 8 nm implies 
a change in the average specific excess volume 
away from that typical of quasi-infinite boundaries. 



Fig. 15 Electrical resistivity p of nanocrystalline Pd as function 
of inverse average crystalline intercept length <L>. All 
resistivity values were normalized to the resistivity 
= of coarse-grained Pd. The marked intercept length of 
8nm (at which deviation occurs from the linear behaviour 
at larger sizes ( — ) corresponds to a (number-weighted) 
average grain size <D> = 7nm, assuming spherical grains 
and a log-normal size distribution with a = 1.3^-^ 
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Surprisingly the average transmission coefficient T 
is larger and therefore, the specific excess volume 
is smaller for samples with the smallest grain sizes. 
Probably the experiment on Au as done by Karpe^^ 
may have to be carried out below certain critical 
grain size to find the GB effects. 

Islamgaliev et have done the resistivity 

measurements in Cu and Ni samples subjected to 
severe plastic deformation (SPD). One advantage in 
this method of producing nanocrystalline materials 
is that there will not be pores as in consolidated 
nano structured specimens. However, density of 
dislocation will dominate the resistivity which is 
temperature independent. The mean grain sizes of 
SPD Cu and Ni are 109 nm and 121 nm respectively. 
These sizes are somewhat on the higher side to show 
the special properties of nanocrystalline materials. 
However, these authors were able to get reasonable 
change in GB electronic conductivity. They have used 
Mayadas-Shatzkes model"'^ in which the product of 
the GB potential barrier width s by its height (p is 
given by 

5 (p (/i-Vp2)/2 ... (4) 

{k is the mirror reflection coefficient, h is plank 
constant, Vp is the Fermi velocity) to estimate the 
width of the GB potential barrier s. The values of 
potential barrier width obtained by this model are 
2.1 nm and 3.7 nm for nanocrystalline Cu and Ni 
respectively. These values are considerably larger than 
the width of the GB for large crystals, which is less 
than 1 nm as determined by HRTEM. This difference 
is attributed to the presence of residual internal strains 
near the GB in nanocrystalline metals. 

Alloys 

One of the methods of obtaining nanocrystalline 
alloys without porous structure is by annealing the 
amorphous alloys. Pekale et have found three 
stage crystallisation process in Fe^^ yCuNbySi 22 5 , 2 B^ 
amorphous alloy prepared by melt spinning method. 
Measurement of d.c. resistivity has been used as the 
tool to study the crystallisation behaviour. Nb seems 
to suppress the grain growth down to 13 nm thus 
speeding the creation of phase boundaries. In 13 nm 
grain sized samples, the mean free path of the electron 
is controlled by the grain size and the GB scattering 
increases. Hence, an increase in the resistivity with 
temperature has been noticed. When the grain size 
grows to 48 nm with zero Nb concentration the mean 


free path of the electron increases giving sudden drop 
in the electrical resistivity. Influence of boron 
concentration on the grain growth has also investigated 
by these authors. The boron atoms destabilises the 
amorphous structure beyond 980K. Allia etal,^^ point 
out that the electrical resistivity measurements can 
be used to study the nanostructure growth in an 
amorphous matrix. 

Interface dependence on the electrical resistivity 
in Fe-Cu-Si-B amoiphous alloy containing nanocrystals 
in the range 30-90 nm produced by crystallisation 
method has been investigated by Liu et al^^. The 
residual resistivity (extrapolated to OK) versus the 
average grain size and the temperature coefficient 
of resistivity versus mean grain size of nanocrystalline 
Fe-Cu-Si-B alloys are shown in Fig. 16. The residual 
resistance decreases from 50 to 20 pO cm as the 
average grain size increases from 30 to 90 nm. Electron 
scattering by an interface which can be regarded as 
a potential barrier with a certain width s and height 
<p as defined earlier decreases the conductivity of the 
nanocrystalline materials with respect to bulk single 
crystal. This is due to grain boundary scattering of 
electrons. However the behaviour of temperature 
coefficient of resistivity as function of grain diameter 
is contrary to the theoretical expectations. Quantum 
mechanical calculation of d.c. GB implies a decrease 
of TCR even to negative values^**. However as in 
Fig. 16, TCR increases with decrease of grain size. 
The authors argue that this contradiction needs more 




so so TO *0 
nm 

Fig. 16 (a) Plot of the residual resistivity versus the average 
grain size of nanocrystalline Fe-Cu-Si-B alloys, (b) Plot 
of the temperature coefficient of resistivity (TCR) vs 
mean grain size nanocrystalline Fe-Cu-Si-B alloys 
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detailed research. In Al-Y-Ni-Co Pekala et alJ^ report 
a decrease of relative resistivity with temperature for 
samples containing various volume fractions of 
nanocrystalline material. However, there is no direct 
correlation between TCR and average grain size to 
make any conclusive remark. A positive TCR of the 
resistivity versus temperature in the granular films 
of Si02 containing Ag nanograins (R = 2.35 nm and 
2.5 nm) has been found by Juh Tzeng Lue et 
However, one cannot make a comparison of this result 
with the theory of Reiss et since the system 

is not a pure metal. The authors have also found 
an apparent break (resistivity minimum) of the 
R-T curve around 120K which is presumed to be 
due to the Kondo effect (spin flip scattering) when 
the number of metallic particles with odd spins is 
large enough to exhibit local magnetic moments. 

Nanoceramics and Composites 

Chakravorty and his coworkers have been carrying 
out systematic transport studies in metal-glassy matrix 
composites both by impedance spectroscopy and by 
d.c. electrical conductivity. D.C. electrical conductivity 
of fractal silver particles having grain sizes in a glassy 
matrix from 4.3 nm to 1 1 nm has been reported by 
Roy and Chakravorty^-. The surface resistivity was 
found to vary linearly over the temperature range 
120-3(X)K, the slope of the curves increasing as the 
silver particle diameter becomes smaller. The linear 
variation of the resistivity with temperature is broken 
below 120K for which no explanation is found. May 
be the tunneling mechanism is the cause. As has 
been found earlier for metals, the effective Debye 
temperature decreases as the particle size of silver 
becomes smaller. This is ascribed to the softening 
of the phonon spectrum due to the effect of surface 
of the metal particles. Unlike in metals, where 
Mayadas-Shatykes model'’^ is used, here the authors 
have used Ziman theory^*^ for the lattice resistivity 
Pj of the bulk metal to study the effect of particle 
size on the electrical resistivity but the conclusions 
are the same as in the previous case. Nanoparticles 
of Cu and Ni have been synthesised again by Roy 
et in bulk form by hot pressing sol-gel derived 
silica-metal nanoparticle composite powders. The 
particle sizes range from 9 to 17.5 nm. Adopting 
the same procedure as that for Ag particles to analyse 
the d.c. resistivity data, the authors have arrived at 
the conclusion that the specimens exhibit the 
characteristic behaviour of the metallic species in 


their nanocrystalline form (/.e.) <9^ decreases with 
decrease of grain size implying phonon softening. 
Earliest work of Chakravorty’s group on glass-metal 
nanocomposite is in 1977 when Chakravorty et 
reported the electrical properties of glassy system 
with Bi particles of size 5 to 50 nm and seleniurn 
particles of size 5 to 200 nm. The d.c. resistivity 
data at temperatures below 120°C indicated that a 
tunneling mechanism of charge carriers between the 
conducting Bi and Se granules is operative. The 
dielectric relaxation spectra confirmed this model of 
electron transport. Fig. 17 shows the log p against 
1/7 measured at various frequencies. The figure shows 
two linear portions having different slopes, the change 
occurring around 200°C except for the d.c. which 
has a switch over at 120K. These results indicate 
that there are two conduction mechanisms operative 
in these glassy-metal systems. At temperatures above 
200°C, the transport seems to be due to the migration 
of sodium ions through the glassy matrix. The linearity 
ofthe curve log yO against 17/7’''^ below 120°C provides 
confirmation of the tunneling mechanism between 


e 
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Fig. 17 Log p against l/T for glass I.l measured at different 
frequencies: • 500 kHz, A 1 kHz, □ 1 0 kHz, p SOkHz^^' 
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the conducting grains, separated by a distance less 
than 5 nm. 

The d.c. resistance data obtained by Banerjee and 
Chakravorty^^ for Cu particles with size 11.4 nm, 
8.8 nm and 3.2 nm in silica gel medium prepared 
by electrodeposition is shown in Fig. 18. The data 
fits fairly well with the variable range hopping modeF^ 
having the resistivity expression 

exp with T; = 8 

(5) 

where is a dimensionless constant 1 .5, x the 
tunneling constant, / is a proportionality constant, 
N{E^ is the density of states at the Fermi level and 
k is the Boltzmann constant. The fitting has been 
done over the entire temperature range of measurement. 
In hopping mechanism, the activation energy arises 
due to the Coulomb energy needed to separate an 
electron from a metal cluster and place it on a 
neighbouring one at a distance of approximately 14.4 
to 2.8 nm. The metal particles contributing to such 
high activation energies have diameters of the order 
of 2nm. In the report under discussion, the particles 
obey log-normal distribution with sizeable fraction 
of particles having 2nm grain size which control the 
variable range hopping mechanism of conductivity 
over the entire temperature range of measurement. 
Assuming /;= 1, it has been shown that the 
decreases drastically as the metal particle size is 
reduced to nanometer range. Reasonable agreement 
with the characteristic exponent has to be 
compared with the studies of Knauth and Tuller^^ 
on nc- anatase Ti 02 at low oxygen pressures in which 
the exponent has been found to be — for electronic 
conductivity. 

Anri Nagajima et alP^ have recently used low 
energy Sn"^ ion irradiation process followed by thermal 
annealing to have 4.2 nm Sn layer at a depth of 
about 2 nm in Si02 thin film. This has been used 
to fabricate a single electron device for operation 
at high temperature (as a diode). Mukherjee et alP^ 
have synthesised PbS particles of average diameters 
ranging from 9.9 to 18 nm within a polyacrylamide 
matrix. The percolative chains of PbS particles exhibit 
intrinsic semiconducting behaviour at temperatures 
above 340K. The estimated band gap for these particles 
are found to be much higher than that of bulk PbS 
being in the range 1 .03 to 1 .49 eV. The low temperature 
conductivity- of these composites appears to be 
controlled by an electron tunneling mechanism. 



0.24 0.26 0.28 0.30 

T(k)-0-25 

Fig. 18 Variation of logarithm of dc resistivity as a function of 
T1/4 ^ being the temperature in K) for different samples. 
Samples □ A, • B and A C Theoretical: - Samples A, 
...B, and — 

So far, dielectric properties, a.c. and d.c. electrical 
transport properties, thermoelectric power have been 
discussed in terms of intrinsic carrier in the bulk 
single crystal, grain boundary potential and electron 
passage through it, defect dipoie polarisation in grain 
boundary in addition to bulk polarisation, single 
electron tunneling due to localised electronic states, 
variable range hopping mechanism etc. There was 
no direct evidence for the potential barrier width and 
height in the grain boundary to explain either the 
linear or the non-linear properties. Johnson and Dravid 
have published their work on Nb doped SrTiO^ 
bicrystal observing both static and dynamic attributes 
of the internal potentials. Nb doped SrTi 03 is of 
interest because of the nonlinear grain boundary 
electrical behaviour of the bicrystals. Direct current 
electrical measurements on both single crystals and 
bicrystals reveal a much higher resistance due to the 
grain boundary. Bicrystal also show varistor behaviour, 
defined as a rapid decrease in the grain boundary 
resistance above a threshold voltage, towards the single 
crystal resistance. This non-linear behaviour is attributed 
to the breakdown of the internal grain boundary 
potentials. This breakdown potential has been found 
to be approximately 30 kV/cm in ZnO based varistor 
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by Viswanath et with a non-linear exponent 77 
around 50. The breakdown voltage per boundary has 
been estimated to be 0.06 V whereas the value reported 
in the literature for micron sized specimen is 2.6 
V. Johnson and Dravid^^ have used electron holograpy 
to investigate the potential per boundary in Nb doped 
SrTi 03 bicrystal. Electron holography is a field 
emission transmission electron microscope technique 
that records the electron wave function phase difference 
between coherent beam electrons and exit electrons 
that are perturbed by the specimen. A confined internal 
potential such as along a charged GB is detected 
as a difference in the electron phase at the interface 
compared to the shift resulting from perturbations 
by the grain interior. The magnitude, sign and width 
of this phase shift profile directly correspond to the 
magnitude, sign and width of the internal field. The 
voltage versus current curves of the Nb doped SrTiO^ 
bicrystal, single crystal and TEM ready bicrystal are 
shown in Fig. 19(a) and 19(b). Electron holography 
on a static grain boundary revealed a positive phase 
shift peak centered on the GB plane corresponding 
to an internal potential of about 0.45V. 

In accord with barrier breakdown, in situ applied 
current of 1mA resulted in a levelling of this phase 
shift peak. Thus the electron holography presents a 
direct real space evidence for breakdown of an internal 
grain boundary bamer. This will be useful in 
investigating the grain boundary controlled 
electroceramic varistor behaviour. 

In summary, in this review article, the electrical 
properties of various types of nanocrystals electronic 
ceramics, composites, metals and alloys studied by 
both impedance spectroscopy and direct current 
electrical resistivity have been discussed. The readers 
are advised to refer to the references for detailed 
descriptions. 
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Semiconductor nanostructures with size in few nanometer range and comparable to Bohr exciton radius show 
quantum size effect (QSE). The consequence of QSE leads to discretisation of energy bands and results in widening 
of the band gap. Large surface to volume ratio and QSE in nanostructure semiconductors give rise to some of the 
unique semiconducting properties that are not normally found with bulk semiconductors. 

The present review first describes some preparatory techniques to synthesize nanostructure semiconductors 
in particulate and thin film form. Composition, surface roughness, thickness, Structure, crystalline size, shape and 
thermodynamic properties often influencing the nanostructure properties are discussed with theoretical back ground 
and experimental results. Optical absorption, photoluminescence and Raman measurements demonstrate QSE, trap 
effect and size dependent properties. Finally, electrical, interfacial/device properties, stabilty and device applications 
of nanostructure semiconductors have been discussed. 

Key Words: Nanostructure Semiconductor; Quantum Size Effect; Blue Shift; Photoluminescence; 
Electroluminescence; Schottky Junction; Photovoltaics & Band Gap; Raman Scattering. 


1 Introduction 

Nanometer range semiconducting materials have been 
a subject of intense study for last several years due 
to their size dependent physical and chemical 
properties ’’^ below a critical size characteristic of the 
material. Blue-shift in the optical absorption 
spectrum, size dependent luminescence, enhanced 
oscillator strength, nonlinear optical effects are some 
examples of the interesting properties exhibited by 
these nanocrystals. All these properties are various 
menifestations of the so called size quantization effect 
which arises due to the increasing quantum 
confinement of the electrons and holes with 
diminishing size of the crystallites and the consequent 
changes in the electronic structures. Their electronic 
structure is between that of a molecule' and a bulk 
responsible to give rise to profound modification of 
the physical properties. Nanoparticles have been 
suggested for various potential applications in 
electronics where quantum confinement effects may 
be of advantage. For example, quantum confinement 
effects in nanostructured semiconductors results in 
widening the band gap of semiconductor and act as 
an efficient light emitter. 

* E-raail: sahu@iopb.res.in 


Recent reports suggest that nanoparticles can be 
used to produce light of various colours by band gap 
tuning using particle size effects'*. As the life times 
of electrons in the excited states is large*, efforts are 
being made to use in laser application. It has also got 
technological importance in the field of solar cells’ 
catalysis”, light emitting®-'*, resonant tunneling 
devices”, lasers”, gas sensors’-^ and ultra violet 
sensors'*^ etc. Experimental evidence for quantum 
size effects in all three dimensions was obtained by 
Ekimov and Onushchenko'-'*’ '* for microcrystallites 
of CuCl and CdS dispersed in a silicate glass. A blue 
shift in the absorption threshold and excitonic 
confinement effect resulted in theoretical 
development in these area by Efros and Efros” 
Consequently a large experimental activities 
spurted up to confirm quantum confinement effect 
using size controlled nanocrystalline semiconductors. 
A typical case of size quantisation effect is shown in 
Fig. 1 for CdSe'”. Shift of absorption threshold to 
shorter wavelength is seen with decreasing 
crystalline size suggest the individual confinement of 
electron and hole for smaller crystallites whereas 
excitonic confinement is a.s.sociated with larger 
crystallites (120A"). Based on the devlopment of 
both theory and well planned experiments, further 
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Fig. 1 Optical Absorption Spectra of CdSe with various radii at 
2K. The arrow indicates the bulk CdSe 

studies on structure, shape, luminescence, Raman, 
electrical, interfacial and device properties have 
been carried out. The durability of nanocrystalline 
semiconductors have been studied. The present review 
discusses some physics aspects of nanocrystalline 
semiconductors and their device applications. 

The present review is divided into eight sections. 
Sections 1 to 3 give introduction, theoretical background 
and synthesis of semiconductor nanocrystals. Surface 
roughness, composition, impurity, fractals, structure, 
size and shape, thermodynamics and melting of 
semiconductor nanoparticles are discussed in 
Section 4. Section 5 describe the optical properties and 
provide some detailed information about optical 
absorption, spectral response, electrical, interfacial 
properties and photoluminescence excitation of 
nanostructured semiconductors. Stability, device 
physics and application of semiconductor 
nanostructures are discussed in Sections 6 to 8. 

2 Theoretical Background 

Depending upon the dirPiensionality of low-dimen- 
sional homogenous semiconductor one can consider 
three catagories of systems viz. the so called two 
dimensional (2D) system which include thin films, 
layer structures and quantum wells; the one dimensional 
(ID) system such as semiconductor wires; zero- 
dimensional system such as clusters, quantum dots and 
colloids. 

The density p (E) of electronic states varies with 
energy as 

/? (£) a d = 1, 2, 3 ....(1) 


where ^is dimensionality. In case of three dimensional 
system, p(£) is a smooth function of squre root 
of energy as shown in Fig. 2a In the case 
of d=l, and J=2, a number of descrete subbands 
apper due to quantum confinement effect and the 
density of states obeys eq. (1) within every subband. 
Due to the finite size of the nanocrystals, the 
continuous bands of the bulk crystal transforms 
into a series of discrete states resulting in widening 
of the effective band gap. Energy level diagram 
of the bulk and small clusters of semiconductors 
is shown in Fig. 2(b)^®. The increase in the distance 
between valence states and excited levels is a 
consequence of quantum confinement. The energetic 
shifts of conduction and valence band states are 
not of equal magnitude as shown in the figure. 
Note that the surface traps have been descretized 
along with the valence band and conduction band 
for nano-clusters. As a result of the confinement 
of both electrons and holes, electrons in the conduction 
band and holes in the valence band are confined 
spatially and the lowest energy of optical transition 
from the valence band to conduction band increases 
resulting in an increase of effective band gap. 
Within a simple effective-mass approximation, the 
confined gap is given by^*; 

_L. -L J_ JL ^ 

l^c()nfincdgap”'^hulk«ap'^ «( 7"^ 7*^ ♦"*" ♦ ^ 

2 wJ vv,/ w.- m,. m,, 

(2) 

where and m,/" are conduction and valence band 
effective masses, respectively. The other parameters 
are the dimensions of a three-dimensional 
(3D) box. If « Wy and then the energy levels 
will mainly depend upon i.e. the size estimated 
from the blue shift corresponds to the lowest dimension 
of nanoparticle. In this case, the carriers are confined 
in one-dimension only. If w^^Wy « then the 
confinement is two-dimensional and if - Wy - 
the nano crystals are confined in all three 
dimensions. 

Why Semiconducting Nanomaterial is Interesting? 

In any material, substantial variation of 
fundamental, electrical and optical properties with 
size is observed when the diameter of the nanocrystals 
is comparable to or smaller than the diameter 
of the bulk exciton’* such that the energy level 
spacing exceeds the thermal energy, kT. For a 
given temperature, this occurs at a very large 
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size in semiconductors, as compared to metals, 
insulators and van der Waals or molecular crystals. 
In the case of van der Waals or molecular crystals, 
the nearest-neighbour interactions are weak and 
the bands in the solid are very narrow and as 
a consequence not much size dependent optical 
and electrical properties are expected or observed 
in the nanocrystal regime. However, in case of 
metals, the edges of the band develops first and 
the centre develops last upon decreasing size. Further, 
the Fermi level lies in the centre of a band 
and the relevent energy level spacing is still very 
small and at temperatures above a few kelvin, 
the electrical and optical properties more closely 
resemble those of a continuum, even in relatively 
small sizes. In semiconductors, however, the Fermi 
level lies in between two bands, so that the edges 
of the bands dominate the optical and electrical 
behaviour. Thus, it is interesting to study the 
semiconductor nanocrystals. 

Depending upon the crystalline size and shape of 
a semiconductor nanocrystals, different type of 
confinements can be realised. When the radius of the 
crystallite R is smaller than --2 exciton Bohr radii, 
electrons and holes are considered as two confined 
particles, bound by an enforced Coulomb interaction 
and when the crystallite radius is larger than ~4 exciton 
radii, the ground exciton is treated as a rigid sphere, 
confined as a quasiparticle. In between these two 
limiting cases both the electron and hole confinement 
and their Coulomb interaction are considered. Bohr 
radius (a^) of exciton is given as 


^ , ■ * J 

where e is the dielectric constant of semiconductor 
material and m*, are the effective electron and hole 
masses respectively. Bohr exciton radius of different 
semiconductors, the bulk and effective band gap values 
are given in Table I. 

3 Synthesis of Nanostructure Semiconductors 
As discussed earlier, substantial variation in electrical 
and optical properties can be realized when the 
crystalline size is comparable to Bohr exciton 
radius. For most of these semicondcutors, Bohr 
exciton radius is less than 10-15 nm excepting 
few narrow gap semiconductors. Further, presence 
of a small amount of impurity causes dramatic 
changes in different properties of semiconductors. 


Table I 

Band gaps for different bulk and nanocrystalline semiconductors 


Material 

Bohr radius 
in '*A 

Bulk Band gap 

E in eV 

a 

band gap 

E in eV 

ZnS 

15 

3.5 

~5.2 

CdS 

30 

2.4 

5.52 

PbS 

200 

0.4 

5.2 

CdSe 

~30 

1.7 

2.4 

ZnTe 

~60 

2.26 

3.2 

GaAs 

91 

1.4 

3.89 

Ge 

- 

0.66 

1.47 

InSb 

573 

0.24 

3.84 

InAs 

340 

0.418 

1.4 



Energy 


Bulk semicondoctor 
Conduction band 



Valence* Band 
•-Distance-^ 


Cluster 
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Fig. 2(a) Idealized density of states, p (E) of electrons for various 
dimensionalities. In the 3D case the energy levels are 
continuous, while in the “OD” case the levels are discrete; 
(b) Energy levels near the band gap for bulk and small 
clusters of semiconductors. The increase in the distance 
between valence states and excited levels is aconsequence 
of quantum confinement 
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Thus, it is of great challenge to synthesise particles 
of nanometer dimension with narrow size 
distribution and without any impurity. Different 
ways to synthesize nanoparticles are chemical 
deposition^^’-'^^, sol-gel^^, gas evaporation^ 
electrostatic deposition"^’'^-'', magentron sputtering^^’"^^ 
and electrochemical deposition^^’"^^ etc. Chemical 
bath deposition technique is relatively less expensive 
and convenient to prepare large area semiconductor 
thin films at moderate temperature. Materials can 
easily be prepared in the colloidal form which 
can subsequently be precipitated to give dry and 
stable powders or can be deposited in the thin 
film form onto different substrates. The growth 
process involves a controllable chemical reaction 
which proceeds at a low rate in an aqueous solution 
containing various reactants. The reaction rate in 
this technique is controlled by adjusting pH, solution 
temperature, and the relative concentrations of various 
reactants in the solution. However, a non-uniform 
surface is often obtained in chemical bath deposition 
process. 

For the samples prepared by the chemical 
route, it is expected to have the size distribution 
which ultimately will influence the experimental 
results. For example, each spectrurn obtained for 
optical absorption and photoluminescence is a 
summation of the spectrum of individual crystallite. 
So, the optical absorption and photoluminescence 
spectra observed for chemically prepared nano- 
crystallites samples do not show any sharp feature 
originating from individual crystallite but show 
wide terraces. Thus, it is most essential to restrict 
the size distribution in nanocrystalline samples. 
In order to arrest the agglomeration of the 
nanocrystallites, the crystallites are generally capped 
with polymers^^--^^’'^’^'^ such as thiophenol, 
mercaptoethanol, ethylene glycol etc. For example, 
the chemical synthesis of binary semiconductors 
can be carried out by mixing two salts each 
having one component. However, before mixing 
two salts to obtain the desired semiconductor, the 
organic capping agent is added to either of the 
salts that control the size of the nanoparticles. 
Electrodeposition also offer a novel way of 
synthesizing nanocrystalline semiconductors. The 
electrolysis ‘ parameters that controls the size of 
the particles are pH, current density, temperature 
and deposition time. The advantages of the 
electrodeposition technique over chemical bath 


deposition is that it is possible to grow uniform 
films of nanocrystallites over large area conducting 
substrates. However, electrodeposition technique is 
not free from drawbacks"^^. Binary semiconductors 
having more and less noble components are difficult 
to be deposited simulteneously beacuse of large 
difference in their deposition potentials-"'®. Hence, 
judicious choice has to be made to adjust the 
ionconcentration and electrolysis current density. 
Often an excess of noble component is deposited 
as is the case of Se in CdSe'"'^ Hence stoichiometry 
and narrow size distribution-"'* is difficult to maintain. 

Most of the reports deal with the synthesis 
of binary semiconductors by chemical route. There 
are a few literatures available where nanocrystallites 
are prepared by evaporation method. There are 
two different evaporation processes for the deposition 
of the binary semiconductors. In one case, the 
same material is taken as the source and is evaporated 
by thermal heating"^*, by magnetron sputtering"^^’ 

or by electron gun-"’^. For example CdS is 
taken for deposition of CdS^* nanocrystallites and 
PbS^^ is taken for PbS nanocrystallites. The deposition 
rate, inert gas, pressure in the chamber controls 
the size of the nanocrystals. In the second method, 
the nanocrystals are synthesized by the co-evaporation 
of different constituents and then subsequnetly heated 
to obtain the semiconductors by chemical reaction. 
Different sized nanocrystals are obtained by annealing 
the deposit several times at different temperatures. 
However, vacuum deposited nanocrystalline 
semiconductors are often expected to show non- 
stoichiometry and size distribution. Nevertheless, 
a uniform deposit is obtained in vacuum deposition 
technique. 

In order to have very narrow size distribution, 
besides polymer capping^^’ attempts have also 
been made to grow nanocrystalline semiconductors 
in Langmuir-blodget films^^’ protien mono layers-"'^ 
and reverse Micelle"'-"' etc. Such nano crystals are 
mostly used for fundamental property studies. 

Attempts have been made to synthesize elemental 
nano-crystalline semiconductors viz. Si and Ge 
using various techniques. Nano-Si has been prepared 
by first depositing amorphous-"'^ Si on Si substrate 
and followed by an annealing treatment. Most 
of the cases nano-Si is prepared in an oxide 
matrix such as Si02 where the first precursor 
deposition is SiOx:H or SiH species^^"^^. Annealing 
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treatment resulted in nano-Si in oxide matrix. This 
technique in particular is useful to avoid coagulation 
and size distribution in general is avoided. However, 
the best results were obtained with Si-*'^ and 
Ge60-63 nanocrystalline films which are prepared 
by a novel cluster deposition technique. Excellent 
photoluminscence properties have been observed 
from these nanocrystals. In particular for 

the first time has been shown to exist in tetragonal 
phase contrary to the bulk diamond structure. Ge 
nanocrystals also show visible blue luminescence^* 
under UV irradiation. 

Cluster assembled nano-materials are in general 
produced by condensation of atom vapours generated 
by laser ablation or heating source followed by 
a supersonic expansion through a cooled nozzle. 
The metal clusters are carried away into the deposition 
chamber by an innert carrier gas Ar or He acting 
as nucleation centres. The free clusters then deposited 
onto different substrates. Cluster size is controlled 
by adjusting pressure of inert gas and nozzle 
diameter. The number of atoms in the cluster 
is studied by time of flight spectrometer. 

4 Physical Properties 

Physical properties such as structure, phase, thickness, 
composition, surface roughness, crystalline shape 
and size are known to influence the nanocrystalline 
semiconductor properties. The observation of 
quantum confinement effect, interfacial as well 
as device properties basically depend upon the 
above parameters. For example, off-stoichiometry 
and unterminated surface greatly change the 
nanocrystalline properties and often the results are 
misleading- 

4.1 Impurity Identification and Composition 
As there are small number of atoms present 
in a cluster or nanostructure, the presence of impurity 
of foreign element or off-stoichiometry leading 
to structural defects causes dramatic changes in 
electrical and optical properties. For example 
impurities and off-stoichiometry in nanostructure 
semiconductors generate localized electronic energy 
levels within the forbidden gap. Due to quantum 
confinement effect these states are also quantized 
and form a continuum of localised states near 
the band edges and ultimately influence the optical 
properties. The localised states also participate in 
conduction mechanism of carriers and influence 


the electrical properties. Most commonly used tool 
to identify and estimate the impurity or composition 
are : particle induced X-ray emission (PIXE), energy 
dispersive analysis of X-rays (EDAX), Rutherford 
back scattering spectrometry (RBS), secondary ion 
mass spectrometry (SIMS), Auger electron 
spectroscopy (AES) and X-ray photoelectron 
spectroscopy (XPS). However, very popular 
technique to identify and estimate impurities at 
ppm level is PIXE where one would require to 
use an accelerator. Core shell ionization takes place 
when the sample is bombarded with highly energetic 
ions and X-ray is emitted from the element present 
in the material and are detected by a Si: Li 
detector. PIXE analysis has been carried for 
nanocrystalline CdS*"^* and has identified no impurities 
even at ppm level. RBS is a non destructive 
technique which can measure relative atomic 
concentration, thickness of the sample as well 
as surface roughness. XPS, besides measuring the 
composition, also measures the core level shift. 
Quantum confinement effects can easily be studied 
by XPS where a valence band shift can be estimated. 

4.2 Surface Roughness and Fractals 

From the perspectives of application, surface 
roughness plays a major role in determinig optical 
scattering and absorption, electrical resistivity, thickness 
and photoluminscence properties. The interfacial 
properties are also influenced by the surface structure 
which often show deviation from ideal behaviour. 
Surface roughness in particular has pronounced effect 
in Raman scattering experiments which normally is 
expected to show size dependent feature. The surface 
phonon mode intensity is likely to increase with 
increasing surface roughness^. 

Hence, in the competing mechanism, one would 
expect for the Raman yield, is in between the surface 
roughness contribution and the contribution due to the 
excitation energy. It is known that the roughness 
depend upon the thickness of the film. As the thickness 
of a film increases the roughness increases irrespective 
of the sample preparation procedure^-"'’^^. Further, the 
measurement with different scanning length indicates 
that with increasing scanning length, the roughness 
increases and exhibits scaling behaviour over large 
variation of length scales. Normally a thin film surface 
is characterised by Atomic Force Microscopy (AFM), 
Scanning Electron Microscopy (SEM), Scanning 
Tunneling Microscopy (STM), Rutherford 
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Backscattering Spectrometry (RBS) and Ellipsometry 
etc. AFM picture for nano-crystalline CdS thin film 
of 35 nm thickness having crystalline size 1 1 nm is 
shown in Fig. 3^^. The rms roughness is 8.95 nm which 
increases as the thickness is increased. The rms 
roughness for 50 nm thick film is 10.39 nm. Such 
surface roughness is resulted due to the chemi- 
adsorption-'^^ of colloidal CdS prepared by a chemical 
route. With increasing thickness of the film the 
crystalline size also increases which ultimately increases 



Fig. 3 Surface topology, measured by AFM for CdS 
semiconductor sample having crystalline size as 12 nm 
and thickness 35nm 


the surface roughness. Besides the above, if AFM scan 
area is increased, one would also see an increased 
surface roughness value. 

Rutherford Backscattering Spectrometry (RBS) is 
an alternative technique to AFM which can measure 
the surface roughness along with the composition and 
thickness of the sample. Fig. 4(a) shows the rough 
surface of a sample where the thickness is different 
at different regions^"^. E' and E" are the incident 
energies corresponding to the atoms at distances 
r,^^^-,,and from the surface of the sample. It can be 
inferred that up to a distance atoms are uniformly 
distributed beyond which the density of the atoms 
decreases and becomes zero at a distance The 
RBS yield which depend on the density of the atoms 
starts decreasing from and becomes zero at 
Because of this, a tail is expected in the low energy 
side of the RBS spectrum as shown in the Fig. 4 (SI) 
for CdS bulk sample. The tailing towards lower energy/ 
channel number will be less for low thickness samples 
as shown in Fig. 4 (S3 and S4). The CdS sample 
thickness for SI, S3, S4are 1450nm, 50nm and 35nm 
respectively. From the tailing, the roughness of the 
sample can be estimated by adopting the following 
procedure. Corresponding to any energy between 





Fig. 4 Schematic diagram of a rough surface sample with incident ion beam energy and at different region. The RBS spectra 
of CdS samples 5^, and 5, having thickness 35 nm, 50 nm and 1450 nm respectively. The He"- ion beam energy for and 
5^ is 3.04 M eV whereas for 5j, 5.06 M eV. Inset in is the theoretical fitting for different thicknesses 
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E’ and E ' ' there is a thickness in between and 
Le, each energy represents for one thickness. This gives 
the thickness of the sample at different places. Thus, 
the average thickness and roughness, cr of the 
sample can be deduced using the relation 

‘av= 4r 2;=! fi and cr = /-L Z?!, (f„, - ... (4) 

similar to that of AFM used to estimate the roughness 
of the sample. The data were fitted with the 
theoretical expressions for the yield and obtained 
reasonable fit Fig. 4 (s3) up-to certain energies 
that corresponds to and (yield is almost 
zero), respectively. In this way a series of thickness 
values are obtained for sample S3 and the average 
thickness as well as the roughnesses have been 
estimated. The roughness for sample S4 is found 
to be 11 nm, whereas, it is 18.4 nm in case 
of sample S3, which are certainly higher as expected. 
These data were compared to that obtained from 
AFM measurement^^ and found to be comparable. 
However for thicker sample (Fig. 4 (si)) RBS 
can not be employed to estimate the surface roughness 
as it is limited by struggling^*^. Hence, the surface 
roughness estimated for sample si by AFM and 
RBS are not comparable. 


An unique feature of branched fractal surface 
morphology in nanocrystalline CdSe, PbS and CdS 
thin films prepared by electrodeposition^^ and 
chemical depositions^ techniques were observed 
under optical microscope. Such fractal features 
are observable in samples whose thicknesses 
range is in between 30 to 50nms. Under optical 
microscope, the fractals appear to be diffusion 
limited aggregated (DLA) but when zoomed to 
higher magnification, they found to consist of 
several crystallites and this do not qualify to be 
called as DLA pattern. Quantum size effects were 
observed for these nanocrystalline films whose 
thicknesses were in the range 30 tc 50nms and 
exhibit branched fractals. Shown in Fig. 5^^^ is 
the optical micrographs of nanocrystalline 
semiconductor thin films, PbS' (Fig. 5a) and CdSe 
(Fig. 5c) whereas Figs. 5 (b and d) are the optical 
micrographs of bulk PbS and CdSe respectively. 
Note that the fractal features disappear for bulk 
PbS and CdSe samples. Further, the surface coverage 
of fractal pattern is relatively more for CdSe 
(Fig. 5c) compared to PbS (Fig. 5a) which can 
be attributed to the high mobility of Cd^'^ ion 
as compared to Pb"^ ion in the electrolytic process. 



Fig. 5 Optical micrograph (X 1000) of PbS (a and b) and CdSe (c and d) showing branched fractal patterns for (a) and (c) and non- 
uniform surface for (a) and (d) 
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4.3 Structure, Size and Shape of Nanocrystals 
Structure 

The structure and phase of the nano-crystals are 
in general determined by X-Ray Diffraction (XRD) 
and transmission electron microscopic studies. The 
structure of the nanocrystals depend on the sample 
preparation procedure, lattice strain and pressure. For 
example, chemically prepared CdS at high temperature 
(363 K) gives a hexagonal phase whereas that prepared 
at 300K show a cubic phase. Further, the XRD peak 
intensity and width decreases with decreasing 
crystalline size. The peaks may shift to the high 
diffraction angle if there is lattice contraction caused 
by narrowing the crystalline size. Generally, the 
information regarding crystalline shape and size can 
be estimated from electron micrographs (TEM) or 


AFM images wheras the structural information can be 
obtained from XRD or from TEM diffraction studies. 
The shape of the crystallite is decided by the internal 
bonding geometry. Thus, for covalent crystals, such 
as Si and InP tetrahedral shape characteristic of the 
zinc blend and diamond interior bonding is favoured. 
For ionic semiconducters Wz. CdS orCdSe^^, hexagonal 
shape is favoured. Hence, CdS crystallites prepared 
by a chemical route show exclusively a hexagonal 
phase contrary to the bulk zinc blende/wurzite structure. 
Nano-crystalline semiconductor shape and size can 
also be identified by optical absorption studies^ 
Shown in Fig. 6(a) is the powder XRD spectra of 
In As^^ nanocrystals. Note that with increasing 
crystalline size, the full width at half maximum 
(FWHM) decreases and the XRD peaks go sharper. • 
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Fig. 6(a) Powder XRD spectra of In As nanocryst^s of different crystalline size. XRD peak broadening occur with decreasing crystalline 
size; (b) High pressure XRD spectra of 1 .9 nm CdSe nanocrystals showing untransformed wurtzite, transformed rocksolt 
and back to wurtzite orzincblende structure after release of the pressure. The arrow indicates diffraction from the metal gasket 
of the diamond cell. Multiple transitions does not show any change in domain size; (c) Dependence of measured lattice parameter 
on particle size 
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FWHM is the measure of crystalline size estimated 
using sherrer equation-^. Structural phase 
transformation also does occur in semiconductor 
nanostructures like their bulk counterpart under 
pressure. However, the thermo-dynamics, and the 
kinetics of the transformation ai*e significantlly diiferent. 
In case of CdSe^'"* nanocrystals the transition pressure 
varies from 3.6 to 4.9 GPa for the crystalline size 
ranging from 21 to 1 OA^ in radius whereas for the bulk 
the pressure value is 2.0 GPa. Fig. 6(b) shows the high 
pressure XRD spectra of CdSe^'** nanostructure of size 
1.9nm. The untransformed wurzite phase of CdSe (a 
direct band gap semiconductor) transformed to a rock 
salt phase (known to be an indirect band gap 
semiconductor) at high pressure but recovered to 
tetrahedral (wurzite or zincblende) phase when brought 
to atmospheric pressure. No significant X-ray line 
broadening observed even though CdSe nanocrystal 
goes through multiple transitions. Lattice parameter 
is another interesting feature to observe which decreases 
with decreasing crystalline size. This ultimately will 
influence the optical properties of nanocrystals. Lattice 
contraction leads to a shift of X-ray diffraction peaks 
to higher diffraction angles. Fig. 6(c) shows the 
variation of lattice parameter^^as a function of particle 
diameter in the range 6 to 30nm. As shown in Fig. 
6(c), below 6nm particle diameter, significant decrease 
in lattice parameter is found which amount to 1.5% 
for 6nm particle. 

Classical Interpretation of Lattice Contraction 

The lattice contraction associated with decreasing 
crystaline size can be understood by considering the 
crystallite as a liquid drop. The thermodynamical 
relation for a liquid drop in equilibrium is given by^^ 

ApdV= ydF ... (5) 

where ydF is the surface energy (y is the surface 
tension, dF is the surface area) and the ApdV is the 
work (^Ap is the pressure inside the drop). For a sphere 
with particle diameter, d 

A p ^ 4 y Id ... (6) 

If the small nuclei are crystalline with cubic 
structure and lattice constant < 2 , then with the 
compressibility K = AV {ApVf)^^ and Vq = a^, from 
eq. (4) one obtains 

A a 4k y 

= ... ( 7 ) 

a 3d 

It is evident from above equation that as the 
crystalline size decreases the change in the lattice 


constant would be appreciable. In other words, as the 
pressure difference becomes more and then there is 
a decrease in the lattice constant. However, equation 
7 gives only a qualitative prediction of lattice contraction 
as it does not consider the surface stress which is also 
a function of particle size. 

4.4 Thermodynamic Properties, Melting of 
Semiconductor Nanostructures and Effect of 
Synthesis Temperature on Cluster Size 

When a solid is heated, it melts and the melting 
temperature is normally considered as one of the most 
important characteristics of a material. Nanometer 
size crystals melt at much lower temperatures than 
extended ones. Reduced melting temperature has 
resulted beneficial effect in sintering which can be 
achieved at low temperature as compared to the 
bulk. This phenomena is being used to produce thin 
films, nanoelectronic devices and solar cells etc. 
It is well established that the change of melting 
temperature (r^„) with particle size is a surface initiated 
process"^”^’^^ and decreases as the particle size 
decreases”^^'^*^. It has been shown by Castro etaL^- that 
below 2.0 nm of size, the melting temperature does 
not decrease as the crystalline size decreases whereas 
for very small CdS particles 50% reduction in melting 
point is reported^^. Recently, Schimdt et al}^ have 
shown a variation of ±30 K in the melting temperature 
with sodium clusters containing 70 to 200 atoms. In 
order to understand the experimental data on size 
dependent lowering of of small particles, some 
theoretical model based upon thermodynamic 
formulation^^"^-’^^"^* and molecular dynamic 
simulation^ have been proposed and have predicted 
that the melting temperature, decreases with particle 
size. As the particle size decreases, the surface tension 
plays an important role which would decrease the size 
of the small particle and thereby, lower the melting 
temperature. Shown in Fig. 7(a) is the melting 
temperature as a function of particle radius for CdS 
crystals. Note that 50% reduction in melting temperature 
is achieved for less than 20A^ crystallite. Shown in 
Fig. 7(b) is the experimental data of Coombes^^ for 
Pb plotted as T„^ versus inverse of the size of the 
particle. It can be noted from Fig. 7(b) that the plot 
is linear for particles of size larger than 14.0 nm (solid 
line) whereas, for particles of size less than 14.0 nm, 
the deviation from linearity have been observed which 
is ascribed to be due to nonspherical geometry of small 
particles. 
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Fig. 7(a) Melting temperature of CdS as a function of crystalline radii; (b) Size dependent melting temperature of Pb panicle 
(C J Coombes J Phys F 2 (1972) 411) Inset shows melting temperature of large particles as a function of surface tension. 
Different surface tension correspond to different elements 


The effect of geometrical shape of nanocrystallites 
has also been studied experimentally by Kofman 
et They have observed for an ellipsoid geometry 
of axes 2a, 2b and 2c (height) with 2a<2b< 2c that 
as the temperature is increased, the particle starts 
melting and a decrease of axes 2a and 2b takes place, 
axis 2c remains constant. The continuous melting 
proceeds until 2a and 2b equals 2c and a spherical core 
is obtained. At that temperature an abrupt transition 
(first order) to a completely liquid state occurs. The 
melting temperature of Pb^"^ as a function of the 
inverse of the size of the spherical core is shown in 
the inset of Fig. 7(b). Though the data points are 
scattered, it is fitted to a straight line and obtained a 
reasonable fit. A thermodynamical argument 


developed by them predicts that the diameter to height 
ratio increases as the crystalline size decreases. Similar 
cylindrical geometry with height less than the diameter 
of the particles have been reported for small as well 
as large size Pb particles^^. For large size particles, 
the volume energy dominates and the melting 
temperature will be independent of the geometry. But, 
for nanoparticles the effect of surface is dominant 
resulting the decrease in the melting temperature. In 
contrast, Sheng et al.^^ have reported for Pb embedded 
in A1 matrix that the melting temperature varies 
linearly with inverse of the size down to particle 
diameter 10 nm. The good agreement in this case 
implies a spherical geometry of the nanoparticles 
which is expected as the particles are synthesized by 
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ball milling. In this process small size particles are 
obtained from large size particles, whereas, reverse is 
the case with other techniques. Based on 
thermodynamic arguments and melting properties, 
cluster (consisting few atoms) size and deposition 
temperature can be considered. 

If the incident cluster size is larger than the melting 
size (lowest size of the nanoparticle that does not melt 
at the deposition temperature) the cluster will be 
deposited as such. However, if the incident cluster size 
is smaller than the melting size, the clusters co-agulate 
to give rise a larger cluster. Once a larger cluster is 
formed, it solidifies and stops further coagulation. This 
implies that the deposition temperature should be as 
low as possible to obtain lower size cluster. 

Applications 

The ability to fuse nanoparticles at relatively 
modest temperature indicates that nanoparticles may 
provide a new low-temperature route to thin film 
growth. It can also be used as a soldering material 
which melts at low temperature. 

5 Optical Properties 

The most important properties of a semiconductor 
nanostructure is its optical behaviour to crystalline 
size. Optical properties may be absorption, spectral 
response, photoluminescence, photoluminescence 
excitation, electroluminescence, and Raman scattering 
whose optical properties respond to crystalline size. 
As the size is decreased, the electronic states are 
discretized and results in widening of the band gap 
and increases the oscillator strength. The radiative 
recombination life time of carrier is lowered from 
nanosecond to picosecond. These features known as 
quantum size effect (QSE) are observed in 
semiconductor nanocrystals. Hence one of the final 
product of QSE is the increased band gap. Depending 
upon the size of the crystallites, two types of 
confinement v/z. weak and strong can be considered 
where the particle radius is few times larger or smaller 
than Bohr exciton radius^^’ QSE were explored by 
many authors to look for individual bands smeared by 
in- homogenous broadening Size dependent 
optical absorption specrta of different semiconducting 
nanomaterials belonging to the 

III-VE 1 IV- VI-'^^. 1 LVI 17^ ii^yl 18 gj-oup 

and some elemental semiconductors^'^' ‘ have 

been reported in literature. Band gaps atleast three 
times that of the bulk have been reported for the 
nanocrystalline semiconductors. 


5.1 Optical Absorption 


Varieties of techniques have been used for the 
determination of the band gap (Eg) of a semiconductor. 
The best values of the band gap are obtained from 
optical absorption measurements which also envisages 
the size quantization effect (QSE). A blue shift in the 
optical absorption edge and series of maxima in the 
absorption spectra are observed as a consequences of 
QSE. For bulk samples, the band gap is estimated from 
the (ahv)- vs hv plot, where a is the absorption 
coefficient and hv is the photon energy. But for 
nanocrystalline samples the band gap is determined 
from the absorption maxima. The other method to 
estimate the band gap is the spectral response of the 
semiconductor in which a device has to be fabricated. 
Excepting optical absorption other methods have 
limitations. There are two different models that are 
used to understand the variation of band gap with 
particle size: (i) effective mass approximation and 
(ii) hyperbolic band model. Electrons in the conduction 
band and holes in the valence band are confined 
spatially. As a result of the confinement of both 
electrons and holes, the lowest energy of optical 
transition from the valence band to the conduction 
band increases resulting in the increasing of effective 
band gap. According to the effective-mass 
approximation, the confined gap is given by-* 


AE= [ 

2P 




m,, 


]- 


1 . 786 <?- 


0.124cf^^ I I 

, 9 7 i * 

h-e- ni^ iHjj 
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where r is the cluster radius, is the electron 
effective mass, z??.// is the hole effective mass and s 
is the dielectric constant. 


A hyperbol ic band model has recently been proposed 
to explain the change of energy gap as a function of 
particle radius and shown to be used to calculate the 
size dependent optical band gap of PbS clusters^^. 
The equation derived for the change in band gap 
A E according to this model is given by 

AE = [£■/ + 2hEg (7z/r)^ / ... (9) 

where E^ is the band gap for the bulk semiconductor, 
r is the particle radius, and the effective mass 
of electron. Once, the band gap isknown, the 
corresponding particle size can easily be determined. 
In this context, it is worth pointing out that in most 
of the cases size determined from AFM/TEM or XRD 
does not.match with that obtained from the blue shift. 
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The discrepency in the size estimated from AFM/ 
XRD/TEM and blue shift will be discussed in a latter 
section. 

Optical Absorption and Pancake Structure oj the 
Nanocrystallites 

Fig. 8 (a) shows the optical absorption spectra 
of CdS thin films of different crystalline size/ 
thickness. Here, the sample was prepared from 
a chemical route^* where the small crystallites 
dissolve to give the larger ones with increasing 
thickness/deposition time period'*. Samples S 4 , S 3 
and Si have the crystalline sizes 11 nm, 15 nm, 
and 75 nm respectively corresponding to the thickness 
values 35 nm, 50 nm, 1450 nm respectively. The 
nanocrystalline film S 4 shows an absorption maximum 


at 395 nm which corresponds to the band gap 
of 3.14 eV. QSE is clearly refflected here. The 
peak at 395 nm is due to Is- Is transition as 
suggested by Brus‘-‘. With increasing crystalline 
size, the peak structure slowly disappears and attains 
a normal interband transition spectrum for the 
bulk CdS (SI) having crystalline size 75 nm and 
band gap 2.4eV. Clearly a blue shift of 0.74eV 
has been achieved in this case. The tailing towards 
the longer wavelength without any sharp absorption 
suggests that the spectra are of powder CdS sample 
and has size distribution. From the blue shift, 
the crystalline sizes have been estimated and 
Fig. 8 (b) shows the band gap as a function of 
size/thickness. Note that the band gap for CdS 
decreases with increasing crystalline size/thickness. 




Fig. 8(a) Optical absorption spectra of CdS with varying thickness, t/crystalline size S,: t= 14.50 nm, S,: t=7.5 nm, S,: t=50 nm, 
^4' ^ 5 - t in between S, and S,. As the thickness increases, the crystalline size increases; (b) The thickness/ 

size dependence of the band gap; (c) Comparison with experimental data tor CdS, Solid curve is from tight binding approach 
and dashed curve is from effective mass approximation. A and □ are experimental data points 
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A hyperbolic band model has been proposed to 
explain the change of energy gap as a function of 
particle size-^. The equation derived for the band gap, 

of nanocrystailites according to this model is 
given by 

E,n= lEl, + 2h2 (Ti/Rp/rn'T^- ... (10) 

where is the band gap for the bulk semiconductor, 
R is the particle radius, and fn'" the effective electron 
mass. is known, the particle size can be estimated 

from the blue shift using eq. (10). Taking = 0.2 

for CdS^^ where is the mass of a free electron and 
E^,=2A eV, the crystalline sizes of different samples 
are estimated using eq. (10). Shown in Fig. 8(c) is the 
band gap energy of CdS*-- as a function of 
particle diameter obtained from effective mass 
approximation^^ (dashed curve) and hyperbolic band 
modeF^ (solid curve) calculation. The trend, increase 


of band gap with decreasing particle diameter for both 
the models are similar. However, when compared with 
experimental data*-^ points from well characterised 
samples with narrow size distribution are found to 
agree only for large particle diameter. The failure of 
the above two models in the low size regime is due 
to the failure in taking proper account of dielectric 
constant, surface structure and shape of the crystallite. 
For example, the effective dielectric constant of CdS 
get reduced for very small CdS particles-^. In order 
to confirm the above, the present authors^ ^ have 
measured the crystalline size experimentally by atomic 
force microscopy (AFM), and compared their size 
estimation data obtained from the blue shift. Fig. 9 
shows the AFM picture of chemically prepared CdS. 
The nanocrystailites Fig. 9 (top) have the size in the 
range 9 to 12 nm whereas the bulk crystallites are in 
the range of 71 to 75 nm (Fig. 9 (bottom)). The size 



Fig. 9 AFM picture of CdS nanocrystalline sample (top) with size 12 nm and bulk CdS (bottom) with size 75 nm 
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estimated from AFM analysis do not agree with that 
obtained from the blue shift, predominantly associated 
with nanO“CdS samples. In fact, the experimentally 
measured crystalline sizes in the small size regime 
does not agree well with the size estimated from blue 
shift as discussed earlier. One possibility for this 
discrepancy associated with nano-CdS samples could 
be the non-spherical geometry of nanoparticles. 
Electrons in the conduction band and holes in the 
valence band are confined spatially. As a result of the 
confinement of both electrons and holes, the lowest 
energy of optical transition from the valence band to 
, the conduction band increases resulting in the increase 
in effective band gap. Within a simple effective-mass 
approximation, the confined gap is given by^' 


■^confineilgap'~’^hulkgup 


1 1 11 1 

[ — + — + — ] [ — + — J 


( 11 ) 
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Fig. 10 Energy of the absorption onset as a function of crystalline 
radius for different semiconducting materials 


where m^* and are the conduction and valence band 
effective masses, respectively. The other parameters 
Wjp Wy and w, are the dimensions of a three-dimensional 
(3D) box. If w^« & w, then the energy levels 

will mainly depend upon the size estimated from 

the blue shift corresponds to the lowest dimension of 
the nanoparticles. The results from AFM analysis in 
case of nano CdS (Fig9 (top)) shows alateral dimension 
of 1 1 nm considered as the diameter of the nano-CdS. 
On the other hand from the optical absorption study, 
the dimension of the nano-CdS is found to be 4.0 nm 
implying to a pancake geometry of the nanocrystallites. 
In fact, in case of nano- materials the binding energy 
per atom decreases with decreasing crystalline size 
which would result in a nonspherical geometry of the 
particles. Hence, one would expect a pancake structure 
for uncapped samples in chemically prepared nano 
CdS. Fig. 10 shows the size dependent band gap of 
some of the nanostructure semiconductors whose 
Bohr exciton radii are different. Note that for low band 
gap semiconductor with large Bohr exciton radius, e,g. 
GaAs (see Table I), the band gap increases sharply as 
the size is decreased. 

5.2 Photoluminescence and Photoluminescence 

Excitation 

Photoluminescence (PL) is a process in which an 
electron excited by a monochromatic photon beam of 
certain energy undergoes nonradiative/radiative 
recombination either at valence band (band edge 


luminescence) or at traps/surface states (normally red 
shift) within the forbidden gap. The band edge 
luminescence in general are weak whereas efficient 
luminescence transfer occurs at traps/surface states. 
Hence, PL essentially provide an estimation of 
band gap and identifies the presence of traps within 
the band gap. Attempts have been made to study PL 
properties of nano-crystalline semiconductors 
which shows that with decreasing crystalline size the 
band edge luminescence or excitonic recombination 
yield decreases. The red shift band intensity in general 
is found to increase with decrease of crystalline 
size^-'*'’ The increase in PL yield of red shifted band 

is ascribed to the increase in surface state density 
In fact, when the crystalline size decreases, the surface 
to volume ratio increases which ultimately increases 
the surface state density The PL yield in general 
is found to increase with decreasing crystalline size 
if the transition is from the surface state to the valence 
band or to the acceptor state However, both the 

band edge and the red shifted bands shift to blue with 
decreasing crystalline size. In some noncrystalline 
semiconductors the band edge luminescence is 
completely absent and is caused by the non-radiative 
decay of free electrons to the trapped state Shown 
in Fig. 1 1 is the photoluminescence spectrum of CdS 
of different crystalline size/thickness. The excitation 
wavelength is 488nm Ar*^ laser. Sj, S2, S3 and S4 are 
CdS samples whose crystalline sizes are in decreasing 
order. The crystalline size of S4 is 1 Inm where the 


Wavelength (nm) 
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Fig. 1 1 Photoluminescence spectra of CdS at 300K taken for 
different sample thickness/ crystalline size. The crystalline 
sizes are of the order a < b < c < d. The crystalline size 
for sample (a) is 12 nm and that of (d) is 75 nm 

crystalline size of is 75 nm. Note that the A and 
B bands shift to lower energies, whereas the shift of 
C band is opposite to that of A and B bands with 
increasing crystalline size. The B band PL yield 
decreases with decreasing crystalline size whereas that 
of A and C band increases. The A band at 670 nm 
is due to the transition from donor state to the valence 
band which give an efficient luminescence transfer 
with decreasing size. The B band is due to the donor- 
acceptor transition whereas the C band is due to the 


I 17 

transition from donor state to. surface state. With 
increasing crystalline size the A band is slowly 
suppressed due to decrease in donor state concen- 
tration. In fact, in the present case excess Cd in CdS 
acts as an acceptor and Cd-O as a donor. With 
increasing crystalline size, the concentration of Cd in 
CdS become less in chemically grown nano CdS. 
Hence, in the present case the PL studies essentially 
demonstrates the optimisation of nanocrystalline CdS 
growth conditions. 

Photoluminescence excitation (PLE) technique in 
general is used to estimate the band gap as well as 
to study the discrete states in the semiconductor 
nanostructure^-^. Shown in Fig. 12 is the PL and PLE 
of Mn doped 21 A^^ ZnS^^* nano-crystal. The band gap 
is found to be 4. 1 eV. It is obvious that the excitation 
is at 312nm whereas PL emission is at 600 nm. The 
PL and PLE spectra are very strong and suggest a very 
^ narrow size distribution in the sample. 
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Fig. 12 Excitation (dashed line) emission spectra (solid line) of 
Mn doped 21+ 2A" ZnS nanoparticle 

5.3 Raman Scattering 

Light scattering experiments is an useful tool to 
study nanostructure semiconductors. Of specific 
importance is the Resonant Raman scattering which 
has been extensively used for studying the size 
quantization effect and surface phonon (SP) mode 
in nanocrystallites. The possibility of observing the 
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surface phonon (SP) mode in these class of materials 
using Raman spectroscopy is of considerable 
interest and a number of studies have been 
reported*^- i 33 -i 4 i jg believed that the SP mode 
can be observed if the size of the crystallites are small 
so that the surface to volume ratio is large and 
disappears in case of bulk sample. Further, if the 
nanoparticles are non-spherical, the surface to 
volume ratio will be large which would result in the 
enhancement of the surface mode intensity. Again, it 
has also been shown that intensity and FWHM of 
Raman peak due to surface phonon increases with 
increasing surface roughness with no appreciable 
change in the frequency. From the above discussion, 
it can be concluded that both surface roughness as well 
as the crystalline size plays important role in modifying 
the Raman spectra"^^’ 

Fig. 13 shows the resonant Raman spectra of 
CdS^-'^^thin films 5y, andS^ having crystalline sizes 
75 nm (E^ = 2.405 eV), 7,5 nm = 2.65 eV) and 



Fig. 1 3 Resonant Raman Spectra of CdS samples (S , -S 3 ) at 300K. 
The excitation source is 457.9 nm Ar-^ laser. The 
crystalline size for Sj=75 nm, S^=1.5 nm and S 3 = 5.5 nm 


5.5 nm (E^ - 2.85 eV) respectively. The excitation 
wavelength used was 457.9 nm (2.7 eV) Ar"^ laser. 
First order longitudinal optical phonon (ILO) marked 
as pi at 305cm“^ and a left wing shoulder at 295cm' 
* surface phonon (SP) mode marked as p2 are identified 
for sample, 5j. Note that the ILO (pi) Raman yield 
gradually decreases with decreasing band gap of the 
samples S 2 and The excitation 2.7 eV satisfies the 
resonance condition for the samples S j and S 2 (2.4 eV 
and 2.65 eV) respectively whereas it fall short of 
0.15 eV in case of samples ^3 (E^ = 2.85 eV). Hence, 
it is expected that at resonance the ILO peak will be 
enhanced and will mask the weak SP mode resulting 
a broad ILO peak. To test this, the author^^^ 
varied the excitation energy and fixed the band gap 
(E^ = 2.65 eV). The sample 52 was excited with two 
other wavelengths: 488nm and 514.5nm respectively. 
The effect was clearly seen as shown in Fig. 14 with 
decreasing excitation. Note the reduction in the 
Raman yield of ILO phonon (PI) with decreasing 
excitation energy Fig. 14 (b and c) which can be 


< 


o 

X 


c 

Of 


c 

<0 


E 


cr 



Raman Shift (cm~^) 


Fig. 14 Raman spectra of CdS sample (crystalline size, 7.5 nm, 
Eg= 2.65 eV) as a function of different excitation 
wavelength, (a) = 457.9 nm; (b) A = 488 nm and 

(c) 514.5 nm 
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ascribed to the same reason that the excitation fall short 
of the band gap value. However, one peculiarity is that 
with decreasing excitation energy the SP mode shift 
to the higher frequency. Attempts have been made by 
the author to explain this through some models 
shown in Fig. 15 (a and b). The author had adopted 
a chemical route*"^^ to synthesize nanocrystalline CdS 
where excess Cd which forms acceptor states in CdS 
is invariably present. The excess Cd content decreases 


with increasing crystalline size/thickness. Besides 
excess Cd in nano-CdS, the samples has size 
distribution. Based on this, the energy band scheme 
for bulk CdS, nano CdS without acceptor state, nano- 
CdS with acceptor states are shown in Fig. 15(a). The 
localised acceptor states, due to quantum size effect 
are shown as continuum of localised acceptors near 
the valence band. The excitation energy being lower 
than the band gap, the Raman shifted phonon intensities 
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Fig. 15(a) Schematic diagram of CdS (I) bulk, (II) Size selected nano-particles showing discrete states and (III) Size distributed nano- 
particles and the presence of Cd acceptor results in bunching of electronic states (b) (i): Resonant Raman scattering process 
for which the energy of laser beam is greater than the band gap. In this process electron-hole pairs are produced by photon 
absorption and emit a phonon before recombination to give a photon; (ii) Excitation is less than the band gap and is non- 
resonant process. Excitation energy is not sufficient to excite electrons from the valence band but states are available for 
phonon to interact. Thus, electron-hole pairs are created in the continuum of localized states. The phonon acquires a self 
energy as explained by Feynman diagram 
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are shifted due to off resonance effect. However, the 
phonon, now can interact with electrons in the valence 
band which can excite the electron-hole pair in the 
continuum of acceptor states and reemit a phonon. In 
this way phonon gains the self energy, hence get shifted 
to higher frequency with decreasing excitation energy 
as shown in Fig. 15(b). The Fyneman diagram is self 
explanatory. A similar resonance effect of decreasing 
Raman yield with decreasing excitation energy is also 
observed with electrochemically prepared 18 nm 
crystallite and 2.0 nm PbS crystallites 

prepared through chemical route. However, the surface 
effects, as described in ref. [49], plays a crucial role 
in determining the Raman yield, shift and widths. In 
particular the surface phonon mode is highly influenced 
by surface roughness"^^. 

5.4 Spectral Response 

Spectral response technique essentially provide 
information regarding estimation of band gap, quality 
of the semiconductor and also device performances. 
A semiconductor device is excited by different 
wavelength light and the corresponding photocurrent 
is recorded in this technique. A plot of square 
of photocurrent as a function of photon energy 
in case of direct band gap semiconductor gives 
an estimation of the band gap. The photocurrent 
in this technique depends upon the photon absorption. 
A wide range of wavelength absorption by the 
device will obviously generate larger number of 
photo carriers which totally will contribute to the 
photo current. By this the quantum efficiency will 
increase. However, in case of bulk semiconductors*"^- 
excited with shorter wavelength, the majority carriers 
diffuse to the interface to recombine with minority 
carriers, and the photocurent falls. Hence, a wide 
range wavelength can not be used for absorption. 
In case of nanocrystalline semiconductors e.g. 
CdSe*^'^, the sample is able to absorb a wider 
range of wavelength and thus generates a large 
number of photocarriers and contribute to the 
photocurrent. The quantum efficiency is thus increased 
and attains a flat spectral response of the system 
for nanocrystalline device. The surface effect is 
believed to play a crucial role in attaining the 
fiat spectral response. 

6 Electrical and Interfacial Properties 

Study of electrical and interfacial properties of 
nanostructured semiconductors are essential for 
technological applications. Attempts have been made 


to measure the resistivity of the sample in order to find 
the activation energy vis-a-vis the band gap of the 
material as well as to understand the conduction 
mechanism. Similarly, any device, before it goes for 
application, the interface has to be characterized first. 
As the surface to volume ratio for nanostructure 
semiconductor is large, introducing huge grain 
boundaries, the resistivity is expected to be very high. 
Gaped of different crystalline sizes were 

subjected to resistivity studies as a function of 
temperature. In the resistivity curve, two distinct 
regions above and below 340°K show different 
conduction mechanisms. The high temperature (above 
340^K) conductivity arise due to intrinsic 
semiconducting behaviour of PbS controlled by large 
activation energy process whereas below 340^K the 
conduction is controlled by low activation energy 
process. Resistivity as high as 10*‘' Q cm was obtained 
for such PbS nanocrystallites. Further, the resistivity 
increases with decreasing crystalline size. The band 
gap values for different crystalline sizes have been 
estimated and found to increase with decreasing 
crystalline size as expected. The low temperature 
activation energy is believed to arise due to electron 
tunneling between nanocrystalline particles. Similar 
feature is also reported for CdS"^^ and ZnTe*"^^ 
nanocrystalline samples prepared by d.c. magnetron 
sputtering. Shown in Fig. 16 is the conductivity data 
of ZnTe as a function of temperature for two different 



IoVt (K"'') 

Fig. 16 Variation of Electrical conductivity (cr Q cm) with 
temperature for two ZnTe samples prepared at 0— (273K) 
and Zl- (283 K) 
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crystalline sizes. Samples prepared at 283K are 
smaller in size as compared to that prepared at 273K. 
The smaller crystallites show higher resistivity 
compared to that of 4.5 nm size prepared at 273K. 
From the conductivity curve two distinct regions, one 
at low temperature and the other at high temperature 
result two different slopes. The conduction mechanism 
remains the same as described in ref. [36]. Similar 
results were also obtained for nanocrystalline CdS"^^. 
Careful analysis of the data for CdS"^^ or ZnTe*"^ films 
under illumination show a different behaviour. In fact, 
the low temperature photoconductivity data for CdS"^^ 
show two more slopes instead of one as discussed 
earlier. Thus, the low temperature photoconductivity 
data of CdS"^^ indicate two activation energy processes 
for conduction with nominal activation energies 
(10‘^eV to 10"-eV) which suggests that the conduction 
switches from variable hopping to tunneling through 
the potential highly resistive regions under illumination. 

Reports of interfacial characterization of 
semiconductor nanostructures available in the literature 
show that the dominant control over device performance 
is based upon interfacial properties. The semiconductor 
nanomaterial has a high surface to volume ratio along 
with unsaturated dangling bonds which will introduce 
a high density of surface traps at the interface and can 
influence the interfacial properties. In general the 
interface is characterized by current (/) -voltage (V), 
and capacitance (C) -voltage ( V) characteristics. Some 
of the common interfaces studied are CdS/Au CdS/ 
porous GaP/Au^"^^ and porous SiC/electrolyte 
junction It is wellknown that nanostructure 
semiconductors exposed to air or kept in ambient are 
prone to oxidation. Presence of such an oxide layer 
introduces a series resistance to the device. Hence, the 
applied voltage is supposed to be distributed * both 

across the space charge and the oxide layer. Hence, 
when a device is characterized the series resistance 
effect has to be taken into account and necessary 
corrections are to be made with the /- Vcharacteristics. 

The corrected relation for nano-CdS/Au Schottky 
junction is given as 

I=ro[exp (q<iV-IR,) /nKT) ... (12) 
with dynamic resistance r as: 

r= (nKT/glo) e.xp {-q^V-IR^)/n.KT) + /?, 

dl 

^nKTlqlQ^R, ... (13) 

Where the quantities; /, Iq, K ^ respectively 


the current flow across the junction, reverse saturation 
current, applied voltage, series resistance, ideality 
factor and electronic charge. Shown in Fig. 17 is the 
In 7 vs F plot for the nano-CdS/Au ‘ Schottky j unction 
where J is the current density. Note two ideality factors 
n=6.0, 1 .8 in the high and low forward biased regions 
respectively of the nano-Cds/Au^'^^ junction. Ideality 
factor exceeding 2 is often found for schottky junction 
where the interface consists of a thin oxide layer. 
Presence of an oxide layer introduces high density of 
surface states to the interface. The applied potential 
will be distributed across the space charge and oxide 
layer. The inset shows the In 7 vs In V plot. A straight 
line plot with slope, m=6.6 suggests the hopping 
conduction for electrons through the nanocrystalline 
film. 

The C-V plot of nano CdS/Au*^-^ and bulk CdS/ 
Au^"^'"' at IkHz frequency along with the model 
explaining the electric field penetration into the interface 
under forward bias is shown in Fig. 8(a). Note that 
the capacitance of nano CdS/Au junction is large as 
compared to that of bulk CdS/Au which suggests that 
a large surface area of contact exists for nano CdS/ 
Au junction. As discussed earlier from Fig. 17 that a 
high density of surface states are present at the 
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Fig. 17 I-V characteristics of nano-CdS/Au junction plotted as 
In (J)'V. Two ideality factors in the low and high forward 
bias are seen. Inset: the same data plotted as In (J) Vs 
In (V) and fitted into a straight line. The slope is estimated 
to be 6.6 
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interface. Presence of high density of surface states, 
under high forward bias may inject minority carriers 
which can diffuse across the junction and will 
contribute to the junction capacitance. Hence, 
region A is the contribution both from depletion and 
diffusion layer capacitance whereas region B of the 
C-V curve is due to the diffusion layer capacitance 
alone. However, when the frequency of the applied 
A.C. signal is increased, the surface states will not 
follow it and the diffusion capacitance contribution 
will be insignificant. Shown in Fig. 18(b) is the 
C-V plots for different frequencies. Note that the 
diffusion capacitance contribution become 
insignificant, for frequencies above IkHz. 

7 Stability of Semiconductor Nanostructures 
Nanocrystalline semiconductors belonging to II- VI 
group are prone to oxidation when exposed to light 
and oxygen. In particular nanosemiconductors viz. 
CdS and CdSe are very unstable"^®. Upon exposure to 
visible light or oxygen the chalcogenides (S or Se) at 
the surface is oxidised to sulphate or'selenate and 
oxides being volatile, evaporates from the surface as 
a molecular specy and leaves behind the sample 
element belonging to the 2nd group {i.e. Cd, Zn, Hg). 
This has been confirmed from XPS experiments'^'. 


Hence nanocrystalline semiconductors belonging to 
II- VI group has limitation for applications unless a 
protective coating is applied onto the surface. On the 
other hand the nanocrystalline semiconductors 
belonging to III-V group such as In P, form stable oxide 
at the surface and may find use in application. Aging 
effect of nano-CdS thin film prepared by-a chemical 
routed' has been tested by photoluminescence studies. 
Shown in Fig. 1 9(a) is the photoluminescence spectra 
of nano-CdS sample with aging recorded at 300K. The 
excitation energy is 2.78 eV. The spectra provide two 
PL bands, A and B. Note that for fresh samples, the 
PL band, A has FWHM 0.17 eV. With increasing of 
the time of exposure of the sample to the atmosphere 
the FWHM of the B band decreases from 0.6 eV to 
0.49 eV along with a shift towards lower energy. On 
the other hand, in case of band A, neither the peak 
position nor the FWHM changes upon aging. Further, 
note that both the bands, A and B, are red shifted and 
the transition is believed to be between donor, acceptor 
or surface states. The energy band scheme is shown 
in Fig. 1 9(b) to explain the above. Narrowing of B band 
with aging suggest the growth of crystallites with time. 
The band gap of the aged sample will be small due 
to crystallite growth upon aging. The energy band 
scheme shows the presence of shallow traps, deep 



Rg. 1 8(a) C-V characteristics of nano-CdS/Au(o) and Bulk CdS/Au (d) at 1 KHz frequency. The inset shows a schematic representation 
of ITO/bulk-CdS/nano-CdS/Au junction. The solid line represents the nano-CdS/Au interface and the dashed line represent 
the inner edge of the depletion layer. Lines 1 , 2, 3 are electric field penetration with increasing forward bias; (b) C-V Characteristic 
of nano-CdS/Au junction at different frequencies 
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traps and surface traps. Upon aging the band gap 
become small, hence the shallow traps will move along 
the band edges. Hencp, a shift of the band B to the 
lower energy is expected whereas the A band arising 
due to the deep traps has no effect on aging. So, niether 
the FWHM nor the peak position changes with aging. 


Fig. 19(c) shows a 15 days old samples excited with 
two different photon energies. The crystalline size of 
the fresh CdS sarnple is around 12nm. Note that the 
A band has no effect with change of excitation energy 
but the B band peak shift to the higher energy when 
the excitation energy is increased. Further, the B band 
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Fig. 19(a) The effect of photoluminescence spectra of nanocrystalline CdS with aging recorded at 300K. The excitation energy is 2.78 
eV; (b) Energy level diagram of bulk and nanocrystalline semiconductor. Surface states arise due to increased surface to volume 
ratioi as shown in the figure; (c) Photoluminescence spectra of 15 day old nano-CdS sample with two different excitations 
(375.3 nm and 444.6 nm) recorded at 300K 
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intensity is increased considerably which suggestsJJiat 
the excitation energy is above the luminescence band. 
Overall picture shows that with increasing aging time 
the nanocrystallites grow in their size. 

8 Nanostructure Devices and Applications 
Visible Light Emission 

It is well known that the oscillator strength 
increases with decreasing crystalline size- ^ Thus, light 
emission from the nanocrystals is expected through 
a radiative recombination process of charge carriers 
generated by higher energy photon absorption. The 
emission colour can be tailored by changing the 
crystalline size and appropriate doping^. In fact, the 
dopants create different energy levels within the band 
gap of the host material which influences the 
luminescence properties. Further, in case of 
nanocrystallites, the enhanced surface to volume ratio 
increases the density of surface states that take part 
in efficient luminescence transfer process^ i . 1 28, 1 29, 1 5.^, 1 54 
Thus, the impurity levels at appropriate position in the 
band gap is beneficial to efficient luminescence. The 
impurity levels can be created by doping or by natural 
defects. 

The first experiments on Mn-doped ZnS 
nanocrystals revealed a drastic change in spontaneous 
decay rate of Mn^"^ ions embedded in nanocrystals as 
compared with ZnS monocry stais. In case of bulk 
crystal the decay life time is aout 2 msec, whereas, 
it is of the order of nanoseconds in case of nanocrystals. 
Therefore, the efficiency of luminescence is rather 
high. In ZnS: Mn nanocrystals the quantum yield is 
found to be about 20 per cent, showing a monotonic 
increase with decreasing size. Thus, doped nanocrystals 
are believed to offer a set of commercial phosphors 
and laser media in the near future. 

CdS nanocrystals showing quantum size effect*^ ^ 
also emit red light when exposed to UV excitation even 
at room temperature However, the intensity of 
luminescence increases by many fold when the sample 
is cooled down to 80 K. Shown in Fig. 20(a) is 
the colour photographs of CdS bulk and 
nanocrystalline sample-"^^ prepared by chemical route. 
Note that a clear change of crystallite colour from 
orange (crystalline size is 75nm) to yellow (size less 
than the bulk), and then to pale yellow (size 8 to 1 2nm 
and shows quantum size effect) is clearly seen. 
Fig. 20(b, c and d) are the photographs taken under 
UV radiation. Red light emission under UV is for 


nano-CdS sample clearly seen but absent for bulk CdS . 
Along with red emission, there are also green emitted 
particles which are collected, put together and exposed 
to UV radiation. Green emission is shown in Fig. 20(c). 
Nanocrystalline samples are cooled to 80K and exposed 
to UV, emission intensity increases by manyfold as 
shown in Fig. 20(d). Different colour light emission 
suggest a size distribution in the nanocrystallites. The 
reason for light emission is described in ref.[154]. 
A similar visible light emission is also seen from Si^ 
nanostructures. Although Si is an indirect band gap 
semiconductor, being very small in size the states are 
quantised due to three dimensional confinement and 
behave as a direct band gap Si. This results in visible 
luminescence. 

Applications 

As a consequence of efficient light emission upon 
irradiation by UV light, it can be used as an UV sensor. 

Nano electro flic Device 

The solid state nanoelectronic devices take the 
advantage of quantum confinement effect. The 
essential structural feature for the device have in 
common is a small “island” composed of semiconductor 
in which electrons are confined. Based on the extent 
of confinement the solid state nanoelectronic devices 
can be classified in three categories viz. (a) Quantum 
dots**'*'*’ (artificial atoms): here, the island confines the 
electrons with zero degree of freedom remaining, 
(b) Resonant Tunneling Devices***^, where the island 
confines electrons with one or two classical degrees 
of freedorrt and (c) Single Electron Transistor 
where the island confines the electron with three 
degrees of freedom. 

a) Quantum Dots (QD) (Artificial Atom) 

Quantum dots can be synthesized by lithography, 

self organisation of droplets or nanocrystallites grown 
in-situ in film. As in QD the electrons are three 
dimensionally confined, the quantum energy level, 
zl£:for electrons are widely spaced and is comparable 
to the changing energy, u. In that case the interaction 
among the electrons on a QD and the energy level for 
each individual electron influence the current flow, as 
a result, a sequence of current steps are observed as 
the bias voltage is varied. 

b) Resonant Tunneling Devices (RTD) 

In this case island is long and narrow the structure 
may be a “wire” or a “pancake” with dimension 
5-10 nm. Here, the quantum energy level, As 'is large 
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as compared to charging energy, u. Hence, the current 
flow is totally controlled by quantum energy 
levels when a bias voltage is applied between the 
source and the drain. So, one gets a current peaking 
structure. 

c) Single Electron Transistor (SET) 

SET is a three terminal device having gate, source 
and drain whereas RTD and QD are two terminal 
devices. As SET switches the source to drain current 
on and off in response to small changes in. the charge 
on the gate amounting to a single electron. For island 
to be short, the quantum^ energy level. As are well 
separated for the electron, so the island for the 
semiconductor to be. around 100 nm. In SET, A£« 
u. Coulomb interactions among the electrons 
(represented by U) block electron from tunneling to 
the island at low bias voltage is known as “coulomb 
blockade”. Thus the current flow is associated with 
a thresold bias voltage, U. Increasing the bias gate 
voltage, a current suddenly flow from source to drain, 
increasing further, (/ turns off the current flow. Again 
increasing U the cycle is repeated. The current flow 
is in off means no extra electron can tunnel to the island 
due to coulomb blockade. Shown in Fig. 21(a) is the 
conductance, G of a SET^'"*^ device as a function of 
gate voltage. With increasing gate voltage, G increases, 
give a peak structure and than falls back to zero. The 
conductance peak is due to the coulomb oscillation. 
Insets show current^ / vs voltage, V plot taken at two 
fixed values of the gate voltage. The conductance is 
suppressed when applied voltage is small whereas the 
voltage applied corresponding to the conductance peak 
have some finite and linear response even when the 
applied voltage is small. For detail see ref. [158]. 

A Schottky device using nano-crystalline CdS 
(Size= 44A° and E^=2.7 eV) have been fabricated in 
the configuration of ITO/CdS/AF**^^. Here, ITO stands 
for indium tin oxide. The dark and photocurrent (/) 
-voltage (V) characteristics of the Schottky diode, 
ITO/CdS/AF^^ is shown in Fig. 21(b). For. photo 
TV characteristics, the monochromatic excitation is 
3-0 eV which is close to the absorption threshold. 
Open circuit photovoltage and short-circuit photo- 
current of O.IV and 100 nA respectively were 
obtained from such a device. The symmetric dark 
TV characteristic (inset) shows a large dark reverse 
current. The rise of photocurrent only occurred after 
a threshold applied voltage. A large dark current and 
a threshold applied voltage for photocurrent to flow 


suggests the presence of high density of surface traps 
or may be due to a series resistance effect. 

Electroluminescence 

Electroluminescence of nanocrystals is of great 
practical importance because it may be used for 
various light emitting device applications. The main 
problem in obtaining efficient electroluminescence is 
to get a dense ensemble of nanocrystals in a proper 
conducting and transparent environment providing 
charge carrier injection and migration. To date CdSe"^^ 
and CdS^^^ nanocrystals embedded in a conducting 
polymer and of nano-Si*^* in Si 02 matrix 
electroluminescence devices have been fabricated. 
Colvin et has reported on electroluminescence 
from CdSe nanocrystals. A nearly monodisperse 
assembly of nanocrystals was embedded in a matrix 
of poly viny Icarbazole and an oxidiazole derivative and 
sandwiched between ITO and A1 electrodes. 
Electroluminescence was observed both at room 
temperature and at cryogenic temperatures featuring 
an intrinsic emission spectrum similar to that observed 
with optical excitation. Typical voltage applied to the 
structure was about 20 V. Artemyev et ai obtained 
electroluminescence (EL) from a thin film structure 
containing close-packed CdS particles of size 1-2 nm. 
with Schottky configuration, ITO/CdS/Ag. The 
electroluminescence characteristic at different forward 
bias is shown in Fig. 21(c). Note that at low forward 
bias EL was obtained in the red region. But as the 
forward bias is increased from 20 V to 36.5 V the EL 
with very high yield is blue shifted. At a voltage above 
36.50 V an EL spectrum similar to PL was obtained 
which suggests similar localized states participating 
in the luminescence process. 

Photovoltaics 

Nanocrystals are well-suited for 
photoelectrochemical cells because they provide a 
high surface area. Further, the ability to tune the band 
gap readily by varying the size suggests that inexpensive 
multi bandgap solar cells, analogous to very high- 
efficiency but expensive quantum well based 
photovoltaics, may be realizable with nanocrystals. 
O’ Regan and GratzeF have reported an efficient 
(12%) and inexpensive photovoltaic cells based on a 
film of partially fused Ti 02 nanocrystals coated with 
an extremely robust sensitizer molecule. The device 
takes advantage of the large surface area but does not 
make use of the quantum-size effect to tune band gaps. 
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Fig. 21(a) Conductance, G plotted against gate voltage, for a single electron transistor at 4.2K. The condutance shows a peak when 
the charge state of the CdSe nanocrystals (size 5.5 nm) changes by one electron. The dots are the measured values and solid 
line is the fit to the data. Insets; I-V characteristics measured at the gate voltages indicated; (b) I-V characteristics of ITO/ 
CdS (44 A^’) /A1 device. The inset is the dark current and the total current with incident light (3.0 eV, 0.7 p.W/cm-) VS Voltage 
response at a magnified lower range; (c) Room temperature electroluminescence spectra of ITO/CdS (quantum confined) 
/Ag Schottky device for different forward bias voltage as indicated. The dashed line is the PL spectum at 300K 


Photovoltaic effects are also seen with CdS 
nanocrystalline semiconductors'^ * , where a reasonable 
photo voltage can be obtained. However, no appreciable 
photocurrent was observed due to highly resistive 
nature of the samples. 
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Optical processes in nanocrystalline semiconductors with special reference to the absorption and photoluminescence 
phenomena are discussed. Recent developments in the areas of several Il-VI semiconductors e.g. ZnS and ZnSe 
along with their alloy ZnS^Se, (x~0.05) in nanocrystalline form are specially focussed in this report. 
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Introduction 

In recent years advances in the areas of synthesis 
and characterization of semiconductors indicated that 
more exciting opportunities are lying ahead if the 
structure be scaled down to nanometer level Below 
a critical grain size, the characteristic properties of 
a material changes and become quite different from 
the corresponding bulk solid. Depending on the 
material concerned, the size dependent properties of 
interest may be related to mechanical, optical, 
electrical, electronic and optoelectronic applications. 
Considerable research activities in these areas 
have recently been demonstrated for different 
nanostructured semiconducting materials. The 
nanoparticles may be obtained as colliods, free 
standing powders as well as thin films. Structural 
and optical properties of the nanocrystalline 
materials may be investigated by different techniques 
such as. X-ray diffraction, transmission electron 
microscopy, atomic force microscopy, 
photoluminescence, optical transmittance, Raman 
studies etc. Due to the three dimensional carrier 
confinement there may be interesting properties'*^’^’ 
^ involving singularities in the density of states and 
improved linear and nonlinear optical responses^’ 
From technological point of view II- VI semiconductors 
in nanocrystalline thin film form are of current interest 
for the realization of frequency selective lasers and 
photodetectors* whose performances may be 
modulated drastically by the shapes and sizes of the 
nanocrystallites. In addition, semiconductor 
nanostructures may be used to fabricate memories 
and microprocessors resulting in computer revolution. 
Possibility of obtaining quantum wells and quantum 


wires have practically revolutionized the semiconductor 
device physics. In semiconductor nanocrystallites or 
zero dimensional quantum dots a considerable fraction 
of the atoms reside on the surfaces of the devices 
or quantum dots and they consist of as few as 10^- 
10^ atoms. The carrier confinement resulting from 
band structure modification produces interesting 
physical properties with potential application in 
optical devices. The dependence of the electronic 
states of the quantum dots on the surrounding medium 
are not clearly understood till now. The optical 
properties of the quantum dots show blue shift due 
to carrier confinement. The quantum confinement 
stabilizes the excitonic effect and photoluminescence 
due to excitonic recombination may be expected at 
a higher temperature. 

The experimental observations published so far on 
nanocrystalline materials were mainly on the elemental 
or binary compound semiconductors. Wide gap II- VI 
semiconductors, specially zinc chalcogenides, were 
the subject of numerous studies^’ *^’* *'*‘*^ in the past due 
to their high potential for various device applications. 
It may be mentioned here that the preparation of 
high quality doped ZnS has an inherent problem 
due to self-compensation effect. Most of the previous 
works on ZnS were concentrated on understanding and 
solving the problem of effective doping. Growth of 
ZnS layers on foreign substrates like GaAs was also 
the subject of many investigations in the past due to 
its use as thin film electroluminescent devices for flat 
panel displays^. Chen et studied the absorption 
and luminescence in ZnS nanocrystals prepared by 
chemical precipitation route. They attributed the 
observed broad absorption band below the 
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absorption edge to the surface states present in the film. 
Scholz et prepared ZnS nanocrystalline 

powders by using a chemical route and observed 
that the optical extinction spectra could be 
explained adequately by Mie scattering theory-®. 
There is a need for more meaningful studies on this 
important material in nanocrystalline form so that the 
electron transport and optical processes in the 
material could be understood more faithfully. In recent 
times, ZnSe and ZnS^SCj,^ alloys have also been 
extensively studied^ for the realization of blue-light 
emitting diodes (LED) and laser diodes (LDs). Effective 
control of the electrical properties through doping 
(especially p-type) and reduction of lattice mismatch 
with GaAs substrate were the key issues to be 
investigated critically before these materials could be 
fruitfully exploited in the device technology. 
ZnSj^SCj ^ layers with x - 0.05-0.08 on GaAs which 
are perfectly lattice matched to the substrate^ are 
well suited for fabricating LEDs and optoelectronic 
device applications in the blue-green spectral region. 

A considerable progress has taken place in the 
theoretical understanding of the optical processes in 
nanocrystalline semiconductors, in general. Studies 
on the coherent transient optical effects in 
semiconductor nanostructures irradiated by lasers is 
one of the most interesting areas in current years. Here, 
we review the optical processes in nanocrystalline 
semiconductors, in general, with emphasis on two 
binary II- VI semiconductors ZnS and ZnSe and their 
alloy ZnS^Scj ^ (x~0.05). 

Preparation of Nanostructured Material 
For the deposition of nanostructured materials different 
workers have used different techniques. High pressure 
sputtering, colloidal suspension, insertion of 
nanoparticles in porous zeolites, inclusion in glass 
prepared by conventional melting process etc. are 
worth to mention, CdS nanocrystallites having 
average size of 2.2 nm and 4.4 nm were 
synthesized by Nanda et alP by a high temperature 
synthetic route. Focussed ion beams were also 
adopted by the workers for attaining structures 
below one micron. In fact, ionic exposures are 
useful to generate close packed structures with 
certain dimensional variation (100-600 nm). Deep 
UV radiation may also be used as a structure 
resolving tool. Among different techniques 
mentioned above, high pressure sputtering^^ is 
most attractive for preparing nanostructured 


material in thin film form and this technique is 
discussed here in some detail. 

It is known that during sputtering the substrate 
temperature increases due to the impact of the 
particles ejected from the target particularly when the 
deposition is carried out at a stretch for a time longer 
than several minutes. This results in the increase of 
grain size through the increase of the adatom 
mobilities culminating in the coalescence of the 
crystallites. So, in order to get nanocrystalline 
films, sputtering should be done intermittantly at 
regular intervals of time to allow the oncoming 
adatoms to release their thermal energy before a 
second deposition is made. An electronically 
controlled shutter may be logically connected to the 
output of a thermocouple for this purpose, so that, the 
deposition is automatically stopped by the shutter 
whenever an increase in substrate temperature is 
recorded. This sequential sputtering is very useful for 
obtaining nanocrystalline films with controlled 
grain sizes throughout the thickness. Banerjee et alP 
and Mandal et alP have reported studies on optical 
and electrical properties of ZnSe^^'^^ and ZnS^® in 
nanocrystalline thin film form by using this sequential 
sputtering technique where the crystallite size was 
comparable to or less than the bulk exciton 
Bohr radius. Properties of ZnS^ 95 prepared 

by the same technique, have been studied by 
Gangopadhyay et alP . 

(i) ZnS Films 

Mandal et alP deposited ZnS films onto quartz 
and freshly cleaved NaCl substrates by d.c. magnetron 
sputtering of a ZnS target (99.999%) in argon plasma 
at system pressure of -40 Pa. The films were deposited 
at different substrate temperatures (210-300 K) and 
the duration of deposition was varied. The substrates 
were placed on a heavy copper block which could be 
cooled by liquid nitrogen or heated electrically to attain 
the desired temperature during deposition. The 
temperature of the substrate could be monitored and 
controlled by a copper-constantan thermocouple 
using an on/off electronic temperature controller. 
Before starting the actual deposition, the target could 
be pre-sputtered with a shutter located in between the 
target and the substrate. This shutter was also used to 
control the deposition time. All the depositions were 
performed at 1.5 kV and 50 mA with the target 
(2.5 cm dia) to substrate distance of -2.5 cm. 
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Three sets of nanocrystalline ZnS films with 
different thicknesses of the order of ~10 nm, 15 nm 
and 40 nm were deposited by Mandal et al.^^ with 
substrate temperature within 2 1 0-300 K, corresponding 
to deposition times of -8, 15 and 30 minutes 
respectively. An increase in substrate temperature by 
5 K could be observed if the films were sputter- 
deposited continuously for 5-7 minutes. This rise in 
temperature was found to be localised at the film 
surface and no evidence of increase in the 
temperature of the copper substrate holder was 
observed. This culminated in unavoidable 
agglomeration of the adatoms and the films thus 
deposited did not have the signature of the 
nanocrystallites. To overcome this, the films were 
deposited in sequence of one minute by allowing 
them to dissipate their thermal energy for the next 
minute or so before the next deposition was started. 
Size quantization could be retained by depositing 
the films in the above sequence. The extent of size 
quantization remains the same for films having 
different thicknesses when deposited at a particular 
set of substrate temperature and system pressure in the 
plasma chamber. The films deposited onto quartz 
substrates were used for electrical/optical studies 
while the films deposited onto NaCl substrates were 
used for TEM observation. 

(ii) ZnSe Films 

Banerjee et al?-^ deposited nanocrystalline ZnSe 
films by d.c. magnetron sputtering of a ZnSe pellet 
(99.999% purity) in argon plasma at system pressures 
of 20 and 30 Pa. The films were deposited at 1.5 KV 
and 1 00 mA with target to substrate distance ~2.5 cm. 
Glass (Corning) or quartz (fused silica) and NaCl 
crystals were used as the substrates for optical and 
microstructural studies respectively. 

(Ui)ZnSg^eQ ^^ Films 

Films with pre-assigned thicknesses were 
deposited by Ganguly et by using the sequential 
sputtering technique, discussed above. Three sets 
of films with different thicknesses were deposited 
with substrate temperatures (T^ of 203, 233 and 263 
K. For each of these values, films were deposited 
for two different deposition times (20 and 25 minutes) 
and for each deposition time and substrate 
temperature, the pressure of the plasma chamber 
was varied between 15-30 Pa. The thicknesses of 
the films, thus produced varied within 10-40 nm. 
Films were simultaneously deposited on quartz (for 
optical transmittance measurement), microscope grid 


(for microscopy) and GaAs (for photoluminescence 
measurement). 

Microstructure of Nanocrystalline Films 
The ZnS nanocrystalline films exhibited (Fig. 1 ) a zinc 
blende crystal structure as depicted by transmission 
electron diffraction pattern. The diffraction pattern 
showed three broad rings which could be assigned to 
the (111), (220) and (311) planes. The ring for (1 1 1) 
planes was most intense and broad. The intensity of 
the ring for (220) planes was weaker than those for 
both the rings. The widths of the rings for films 
deposited at lower substrate temperature {i.e. films 
having lower crystallite size) were broader than that 
for films deposited at higher substrate temperature. 
Fig. 2 shows the variation of crystallite size (D) with 
deposition temperature (T^ for ZnSe films deposited 



Fig. 1 TEM micrograph and corresponding diffraction pattern 
of a representative nanocrystalline ZnS film deposited at 
substrate temperature T. = 233 K and pressure -40 Pa 



Ts(K) 


Fig. 2 Variation ofcrystallite size (D) with deposition temperatur 
iT) for nanocrystalline ZnSe films deposited on glass and 
quartz substrates 
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on glass and quartz substrates. Fig. 3 (a & b) shows 
theTEM micrographs and the corresponding electron 
diffraction pattern of two representative ZnSg q^SCq gj 
films deposited onto microscope grids at 233 K 
(15 Pa for 25 minutes) and 203 K (30 Pa and 20 
minutes). One can observe that the films consisted 
of discrete nanocrystallites of dimensions varying 
between 1. 7-2.1 nm and the diffraction patterns are 
mainly dominated by faint rings with a central halo. 
The films exhibited zinc blende stmcture and the rings 
could be identified as arising from (111), (220) and 
(311) planes. 



Optical Absorption in Nanocrystalline Film 

The absorption coefficients (a) of the nanocrystalline 
ZnS, ZnSe and ZnSg jSCg gj films were evaluated by 
measuring transmittance and reflectance^^ by a 
UV-VIS-NIR spectrophotometer (Hitachi U-3410). 
The band gaps (F^) were determined by extrapolating 
( ahv)^ versus photon energy (hv) plots. The absorption 
trace for a representative film of nanocrystalline ZnS 
deposited at a substrate temperature of -213 K with 
30 minutes of deposition time is shown in Fig. 4. It 
may be noted that the variation of the absorption («) 



Fig. 3 TEM micrographs and corresponding diffraction patterns of two representative nanocrystalline ZnSgg,Seg j,, films deposited 
at (a) T=233 K (15 Pa for 25 minutes) and (b) T=203 K (30 Pa for 20 minutes) 



35 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4A 4.4 4.5 4.6 

hv (eV) 


Fig. 4 Absorption trace of." a representative nanocrystalline ZnS film deposited at a substrate temperature of -213 K with 30 minutes 
of deposition 
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with the wavelength (A) of the incident radiation were 
nearly the same for all the films. It was noticed that 
the fall of the absorption tail was sharper for films 
deposited for higher deposition time than those 
deposited for lower duration {Le. for thinner films). 

Fig. 5 shows the variation of band gaps of several 
nanocrystalline ZnS films deposited at different 
substrate temperatures and deposition times. The band 
gap values were always found to be higher compared 
to the bulk value. It may be noted that the films 
deposited at 213 K showed the maximum shift 
{AEg = - E^ of band gap from its bulk value 

(3.6 eV). The amount of shift in the band gap {AE^ 
decreased substantially as the deposition temperature 
was increased. This is basically due to the fact that 
the films deposited at lower substrate temperature had 
smaller sizes of the nanocrystallite which was 
reflected in larger blue shift. Presence of smaller 
crystallite sizes would indicate the presence of an 
increasing amount of amorphous phase mixed with the 
nanocrystallites. This has been reflected in the gradual 
departure of the sharpness of the fall of the trace of 


transmittance (T^ versus wavelength (A) for films 
deposited at lower substrate temperatures. The average 
particle size, (/?), was measured fromTEM studies and 
also from the curve fitting of the absorption data. It 
was observed that for a constant gas pressure in the 
chamber, the average particle size, (R), increased 
(Fig. 6) with the increasing substrate temperature {T^ 
upto -300 K after which a sharp increase in the grain 
size was observed with increasing T^. No agglomeration 
was observed till -300 K as the gas pressure 
probably did not cross the threshold limit for 
agglomeration. The crystallite size did not vary 
significantly as the deposition time was increased. The 
measurement of the band gaps of ZnS films deposited 
at higher temperature (> 320 K) indicated the films 
to be polycrystalline with band gap nearly equal to 
that of the bulk material. 

Fig. 7 shows the room temperature optical 
absorption spectrum of a representative ZnSe film with 
band gap £^=2.93 eV (for film deposited on glass). 
The shift of the fundamental band gap (due to the 
quamtum size effect) to the higher energy side in 



Ts(K) 

Fig. 5 Variation of band gap of nanocrystalline ZnS films with substrate temperature (T.) when deposited with various deposition 
times 
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Fig. 6 (a) Variation of crystallite size (/?) with substrate temperature (T^) for nanocrystalline ZnS films deposited at various deposition 
times 


comparison to the bulk value E^— 2.1 eV^^, may be 
noted. Table I shows the band gap and crystalline 
radius (R) for different films deposited on glass 
substrate. As the films consisted of large number of 
nanocrystaliites with different sizes and shapes, the 
absorption peak corresponding to level to level interband 
transitions was less sharp due to inhomogeneous 
broadening and room temperature phonon broadening 
effects^’^"^’^^. Similar observations in other II- VI 
nanocrystaliites have already been reported"^’^"^'^’^^’^^. 

It may be noted that for films the 

variation of the absorption coefficient (a) with energy 
Qiv) of the incident radiation was nearly same for all 
the films. The fall of the absorption tail was sharper 
for films deposited for higher deposition time than 
those deposited for lower duration (le, for thinner 
films). The band gap (E^J values of the nanocrystalline 
^^^0 05^^0.95^^^^^ were always found to be higher 
(Table II) compared to the bulk value of 2.7 leV 
obtained from the bulk values for ZnS and ZnSe 


Table 1 

Va/ues of band gap (E^) grain size (R) estimated from the optical 
absorption studies of ZnSe films deposited on glass substrates at 
substrate temperature (TJ ) and pressure P. Values of grain size 
(R) from TEM studies (on NaCl substrate) are given 


Film No. 

T, 

P (Pa) 

(eV) 

R (nm) 

Optical TEM 

ZnSe-1 

213 

20 

3.45 

1.82 

1.80 

ZnSe-2 

233 

20 

3.28 

2.08 

2.06 

ZnSe-7 

250 

20 

3.21 

2.20 

2.19 

ZnSe-4 

263 

20 

3.20 

2.24 

2.23 

ZnSe-6 

273 

20 

3.10 

2.46 

2.45 

ZnSe-9 

283 

20 

'3.00 

2.84 

2.85 

ZnSe- 1 0 

300 

20 

2.85 

4.00 

4.01 

ZnSe- 1 8 

213 

30 

3.56 

1.70 

1.70 

ZnSe-22 

233 

30 

3.38 

1.90 

1.92 

ZnSe-20 

250 

30 

3.33 

1.98 

2.00 

ZnSe- 15 

263 

30 

3.28 

2.08 

2.10 

ZnSe- 1 2 

273 

30 

3.20 

2.24 

2.25 

ZnSe- 17 

283 

30 

3.10 

2.46 

2.45 

ZnSe- 19 

300 

30 

2.93 

3.30 

3.29 
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Fig. 7 Absorption spectra for a representative nanocrystalline 
ZnSe film deposited on glass at 300 K and 30 Pa 

Table II 


Values of average grain size (R) and band gap of nanocrystalline 
ZnS^^^^^Se films deposited at different conditions 


Sample 

Deposition 

Conditions 

Band Gap 
(eV) 

Grain Size 
(nm) 

ZSS-2 

15 Pa 

25 mins. 

203 K 

3.38 

1.99 

ZSS-I 

15 Pa 

25 mins. 

233 K 

3.46 

1.88 

ZSS-3 

15 Pa 

25 mins. 

263 K 

3.30 

2.12 

ZSS-4 

20 Pa 

20 mins. 

203 K 

3.36 

2.02 

ZSS-5 

30 Pa 

20 mins. 

203 K 

3.58 

1.74 

ZSS-7 

15 Pa 

20 mins. 

203 K 

3.32 

2.09 

ZSS-8 

15 Pa 

20 mins. 

233 K 

3.55 

1.78 

ZSS-9 

15 Pa 

20 mins. 

263 K 

3.40 

1.96 


using bowing relation given by Newbury et al?^. It 
may be noted that the films deposited at -203 K and 
30 Pa showed the maximum shift (AE^=E^- E^ 
of ban^gap from its bulk value. The average particle 
size, (/?), was measured from TEM studies and also 
from the curve fitting of the absorption data. It was 
observed that the average particle size, (/?), did not 
show significant variation with the substrate temperature 
of deposition or gas pressure in the chamber. No 
agglomeration was observed till -300 K as the gas 
pressure probably did not cross the threshold limit for 
agglomeration. This observation is similar to that of 
nanocrystalline ZnS films. The crystallite size did not 
vary significantly as the deposition time was increased. 
It may.be mentioned here that the bulk values of jd 
and E^ for ZnS^ 95 computed from the value 

of the bowing parameter^ along with the value of 
obtained from the linear extrapolation of the bulk 
values of ZnS and ZnSe. 

The increase of the fundamental band gap of the 
nanostructred materials due to the quantum size 
effect (QSE) is well established. For the sake of 
comparison, we estimated the band gaps of these 
nanocrystalline films from 

e^ 

r- 1.786 0.248^^1. ... (1) 

^ ^ 2|li/? 2 47t8oi? 


for the strong confinement limit (Le R«a^) of 
QSE in nano material. For weak confinement limit 
(i.e, R » Ug) we have: 


£ - !<>, 

* 2M£2 


^RY 


( 2 ) 


where and being the electron and 

hole effective masses respectively. In equation (1), 
is the radius of the nanocrystallites, 
is the effective Rydberg energy for the bulk exciton 
with ag as the corresponding Bohr radius (= 4nzjf/ 

being the reduced mass. E^ 
and are the band gap and low frequency dielectric 
constant respectively of th^bulk material. By utilizing 
the average particle size, (/?), values as obtained from 
TEM measurements, the E^ values of different films 
were estimated from the above equation which were 
found to agree well with those obtained directly from 
the absorption spectra. 

As the nanocrystalline films consist of large 
number of nanocrystallites with different sizes and 
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shapes, the absorption peak corresponding to level to 
level interband transitions will be less sharp (Fig. 2) 
due to the enhanced phonon broadening and 
inhomogeneity broadening effects-^'^"^-''. The origin of 
the broadening due to inhoniogeneity is generally 
ascribed to the fluctuation in the shape and size of the 
grains in the film. The deviation from the perfectly 
spherical shape of the particles would likely modify 
the selection rule and the transitions forbidden for the 
spherical form might appear in real situation. More 
over, the size distribution of the nanocrystallites 
would culminate in the fluctuation in the energy 
subbands as inferred from eqs. (1) and (2). Thus, the 
superposition of all the discrete absorptions due to 
these combined effects will result in broadening of 
the experimentally observed spectrum. It may be 
mentioned here that in this treatment, we have not 
taken into account the effect of the fluctuation in the 
shape of the crystallites on the absorption spectrum 
due to the inherent complexity of the problem. 

The broadening due to phonon would also exist 
besides the above inhomogeneous broadening. This 
intrinsic broadening would have a finite value at room 
temperature. Klein et considered this energy 
broadening due to phonon interaction in nanocrystalline 
systems and assuming the nanocrystallites to be 
spherical in shape having Gaussian size distribution, 
the total absorption was expressed as-^"^-^^: 

D 

ar= J P(R) a (R) dR ... p) 

^miti 


where P(R) is the probability of size distribution given 

by34.39. 


P{R) = {R-R„ 


J exp (- — ) 

6 “ 


(4) 


where and R^.^ are the maximum and minimum 
diameters and <Jis the half width of the distribution. 
a(/?) is the absorption coefficient due to a nanocry 
stallite of radius R and can be written as^4,3-‘). 
o hr 

(C(/^ ... (5) 


(E„-hea)- + (hJT)- 


with. 


27te^hr 




( 6 ) 


where hco is the photon energy, n^ is the refractive 
index, c is the velocity of light, V is the volume of 
the spherical nanocrystallite and the bulk optical 
matrix element, is given by"^: 


|Pcv|“= (fn/3) 


(E^-h2A /3) 


( 7 ) 


A being the spin-orbit splitting factor. 

Optical Loss Due to Scattering 

It is apparent from Fig. 4 that the optical absorption 
solely cannot explain the shape and magnitude of the 
experimental absorbance spectra at room temperature. 
It is true that a large amount of incident light would 
be scattered by the ultra small crystallites. In this case, 
the total intensity (/gc) scattered light per unit 

volume for normal incidence may be given by using 
the Mie scattering theory^^. In the limit where the 
crystallite dimensions are much less than the optical 
wavelength (A): 

= J />(/?) I JR) 6R ... (8) 


with I JR) = (2/VO 


(2733) R^ 


(.nl-2) 


(9) 


It may be noted that the authors did not consider 
the absorption due to surface traps and other impurities 
in these calculations as pointed out by Sekikawa 
The theoretically simulated absorbance specti*a 
forZnS nanostructured films were obtained by using 
the eqs. (3) and (8) and are shown in Fig. 4. The amount 
of the optical loss due to scattering effect is easily 
estimated from the comparison between the 
theoretically simulated absorption curves. The values 
of different parameters utilized to compute the above 
simulated absorbance spectm for ZnS are as follows. 

£:^=3.68 eV; m/=0.58/n^,; £;=8.1; £*^=5.13; A=0.067: 

ft), (,= 10.44 THz. 

where, is the free electron mass. It can be observed 
that the simulated spectra fitted well with R value of 
3 nm (with a mean fluctuation of ± 0.5 nm) for ZnS. 
This also agreed well with the nanocrystallite sizes 
determined from the transmission electron 
microscopy (TEM) and shift in the band gap-^^. 

Fig. 7 shows the absorption spectra of 
nanocrystalline ZnSe Elms. The values of different 
parameters'^ utilized to compute the Jheoretical 
absorption spectra for comparison with the 
experimental spectra of nano-ZnSe films are"^-^’^': 

EJ=2J eV; m^=0.16 m,=0.6 m,,; £;=9.14; £“^=6.3; zl=0.403 

and ft)^ (, =7.59 THz. 
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Similar studies on ZnTe and CdS in nanocrystalline 
were reported by Mandal et Kulkarni et 

synthesized sulphide nanoparticles with particle 
diameter <5 nm using a chemical route. 

Photoluminescence of Nanocrystalline Films 
(i) ZnS 

Photoluminescence (PL) spectra of the ZnS 
nanocrystalline films were recorded at 100 K with an 
exciting wavelength of 300 nm. The PL spectra of the 
films had a peak in the range of 350-400 nm. It can 
be seen (Fig. 8) that the line shapes of the PL spectra 
are asymmetric and broad. The film deposited at lower 
substrate temperature showed broader PL peak. Shift 
of these PL peaks to higher energies for films 
deposited at lower substrate temperature {Le. with 
lower crystallite size) was visible for all the films 
irrespective of their thickness {e.g. deposition time). 

The appearance of the PL peaks at energies 
substantially lower than the band gap suggests that 
transitions from energy states in the band gap are 
being favoured for the luminescence process in 
these nanocrystalline ZnS films. This observation 



300 350 400 450 500 

X-{nm) 


Fig. 8 PL spectra of two representative nanocrystalline ZnS films 
deposited at 233 K for (a) 8 minutes and (b) 30 minutes 


may be ascribed to the presence of surface states of 
ZnS nanocrystallites constituting the film. This 
observation agrees well with that by Chen The 

assignment of the surface states for the observed PL 
peak position at energies lower than band gap energy 
was also supported by the fluorescence and thermo- 
luminescence measurements made by them. The 
density of surface states in nanocrystalline films would 
increase with the decrease in crystallite size constituting 
the film due to the increase in surface to volume ratio 
in films having smaller crystallites. This would reduce 
the probability of excitonic emission via nonradiative 
surface recombinations The band edge or excitonic 
emission will thus be effectively overlapped with the 
absorption of the surface states and as such would show 
photoluminescence at energies less than the band gap. 
The position of the PL peak would depend on the size 
of the nanocrystallite i.e, the' substrate temperature 
during deposition. It was observed that the films 
deposited at lower temperature had lower crystallite 
size and the PL peak was shifted to higher energies. 
It is also interesting to note that thinner films deposited 
at a particular substrate temperature indicated peak 
position (Fig. 8a) at lower energies than that for a 
thicker film (Fig. 8b) deposited at the same substrate 
temperature. This is in commensurate with the fact that 
the surface to volume ratio will be higher for thinner 
films than that of thicker films. Thus the observed PL 
spectra supports the so-called trapped luminescence 
arising from the surface states. Similar crystallite size 
dependence of the shift of surface emission has also 
been reported by Chestnoy et al^^. 

(ii) ZnSe 

The room temperature photoluminescence (PL) 
spectra for three representative ZnSe films deposited 
on quartz at 233, 273 and 300 K are shown in 
Fig. 9. The shift of the PL peak to higher energies for 
films deposited at lower with lower grain sizes is 
quite clear from this figure. Similar changes in the peak 
position of PL spectra of other nanocrystalline 
semiconductors have already been reported by several 
groups"^"^^. Considering the fact that the PL spectrum 
is due to the radiative recombination of the lowest lying 
excited states of the nanocrystallites, the semi- 
quantitative estimation of the dependence of PL peak 
position on the average grain radius R may be obtained 
from the frame- work of effective mass relation as given 
by eq. (1) for grains with R < (a^ being the Bohr 

radius). 
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(a) o at 300 K 

(b) A at 273 K 

(c) a at 233 K 

Theritical fit with 

(a) R=2.7nm o-=0-35nm 

(b) R=2.4 nm (r= 0 . 30 nm 

(c) R=2.2 nm ct = 0-26 nm 



3.20 a28 

t) GJ(eV) 


Fig. 9 Photoluminescence spectra of three representative 
nanocrystalline ZnSe films deposited on quartz substrate 
at 20 Pa and at different substrate temperatures as indicated 
in the figure 

In general, the carrier confinement effect in 
semiconductor nanocrystallites stabilizes both 
excitons and corresponding luminescence due to 
excitonic recombinations even at room temperature. 
Systematic studies by different groups^^"'^^ indicated 
the presence of characteristic luminesence due to 
excitonic recombination in association with the 
significant contributions from impurities and surface 
states at the lower energy side of the PL spectrum. 
With the gradual decrease of the sizes of the 
nanocrystallites, the luminescence has been found to 
be dominated by band impurity and surface state 
transitions over the excitonic luminescence. 
However, the relative intensities depend on the 
excitation intensity. Ekimov et have shown that 
with higher excitation intensity (so that the inter 
impurity luminescence becomes saturated) the 
transitions associated with the band to band free 


electron and hole would dominate in the PL spectra 
even for samples with smaller (~5.7 nm) grain size. 
Although the intensity dependence of PL studies were 
not done (due to the limitation of our present 
experimental set-up), it is believed that in the ZnSe 
specimen the highly intense PL peak is mainly due 
to excitonic recombination. This is guided by the fact 
that in the reverse situation (i.e. if it is due to impurity 
and surface states, for the sake of argument), the 
excitonic emission would arise at still higher energy 
side of the PL spectra. Consequently, the theoretically 
estimated grain size would be smaller than that 
obtained from theTEM and optical absorption studies. 
Similar treatment have been done earlier by Kohno 
et al.^^ for Si nanocrystallites. 

Besides the peak position, the line shape of the 
PL spectrum is essentially given by the inhomogeneous 
broadening which is due to the size distribution of 
grains. The theoretical line shape l{hco) of the PL 
spectrum between the lowest energy state of the 
electron and hole (Is^ -> Is^^) in a quantum dot with 
radius R may be expressed as"^^: 

I(A^») oo4(/?)|/(R)p ^hm - E, ,(/?)] W) dR ... (10) 

where g{R) is the carrier recombination probability, 
PiR) is the grain radius distribution function, /(/?) is 
the oscillator strength and EJ^R) is the emission energy 
which is given by eq. (1). Within the frame work of 
the effective mass approximation"^^, the parameter 
l/(/?)P is proportional to R~^. Following Kohno et 
the explicit form of carrier recombination probability 
g(R) is given by 


^ (/?) = 1 

for R > R, while for R < R we have : 


g(R) = 2/ 

where 

q = EJ3hp V, 


1+ (R/R)^ exp (9 -i)) 


... (II) 

- (12) 
... (13) 


Here the conformation potential due to electron 
phonon interaction, p is the 'mass density and is 
the velocity of sound in the hiaterial. LFsing eqs. (1), 
(10), (1 1), and (12), together with the parameters^'^ E^ 
= 8.6 eV, p = 5.28 g cm~^ and = 4.4 km sec“^ the 
theoretical fits of the line shape of PL spectra 
corresponding to the ZnSe films deposited at 233 K, 
273 K and 300 K on quartz substrates are shown in 
Fig. 9. The estimated average crystallite size, obtained 
from this best fit to the PL line shape, also agreed well 
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with that obtained from the absorption spectra and 
TEM studies. 

From Fig. 9 it also appeared that the PL line shape 
becomes asymmetric for films having relatively, 
smaller grain sizes. Andrianasolo et reported 
similar observation and by deconvolution of such 
asymmetrical PL spectrum they suggested the 
presence of additional peak at lower energy side due 
to carrier recombination between surface states. 
Moreover, in all cases we have noticed a small Stoke’s 
shift between the peaks due to absorption and PL 
effects. Such shift is prominent for films having 
relatively smaller grain sizes, as is evident from 
Fig. 10. It is speculated that this might be due to the 
enhanced carrier recombination from relatively larger 
amount of surface states in smaller nanocrystallites. 
Similar observation have also been noticed by other 
workers in different nanocrystalline systems"*^^'^^. 

The existence of surface states in the fundamental 
band gap region is in fact not surprising for films 
having small grain size. Hache et also pointed 
out the possibility of pair-state formation of the surface 
states, one near the valence band and the other near 
the conduction band. With the decrease of grain size, 
the ratio of the surface states to the volume states {Le. 
size quantised states) would increase. This is due to 



Blue shift from 
o- Optic<il absorp- 
tion 

A PI peak shift. 
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Fig. 10 Dependence of the blue shifts (AE^^ and AE^^^) of 
nanocrystalline ZnSe films, obtained from the optical 
absorption (AEj^^^) and PL peak shift (AE,^p), on the 1/ 
R, R being the average radius of the crystallites 


the fact that many more atoms will reside at the surface 
of the grain rather than at a volume site. It is important 
to note that these surface states are intrinsic states and 
delocalized over the entire surface of the sphere. In 
this way they participate in the optical processes 
similar to the volume states*’^. 

(Hi) 0.95 

Photoluninescence (PL) spectra of the 
nanocrystalline ZnSQQ^Se^g^ films deposited on 
GaAs ( 1 00) were recorded (Fig. 1 1 ) at 300 K with an 
exciting wavelength of 300 nm. The PL spectra of the 
films are dominated by a peak in the range of 
360-370 nm with a distinct shoulder around 397 nm. 
It can be seen that the line shapes of the PL spectra 
are asymmetric and broad. Shift of these PL peaks to 
higher energies for films having lower crystallite size 
was visible for all the films irrespective of their 
thicknesses deposition time). 



300 400 500 600 

Wavelength A(nm) 

Fig. 1 1 PL spectra for two representative nanocrystalline 
ZnS(j films deposited at 1 5 Pa for 25 minutes with 

substrate temperature : (a) 233 K and (b) 203 K 
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It could be observed that the sharp excitonic 
structure observed in the case of binaries (ZnS and 
ZnSe bulk) is replaced by a single, broad PL spectra 
for these nanocrystalline ZnSQQ^SeQ^^ films. This 
broadening may arise mainly due to alloy broadening 
and defect broadening. Alloy broadening may arise 
due to random distribution of sulphur atoms on 
selenium sites in these nanocrystalline films and as 
such an excited particle moving about the lattice would 
sense a varying local composition. As the lattice 
mismatch is small for films deposited onto GaAs, the 
broadening effect due to defects arising out of lattice 
mismatch may be minimal. But the surface states 
arising out of the enhanced ratio of surface atoms to 
the atoms constituting the main bulk of the ZnS^ .05^®0. 95 
films would be very significant to cause defect related 
broadening. Similar observation for exciton line 
broadening in ZuSq epilayers grown on GaAs 

was reported by Newbury et The appearance of 
the shoulder at -397 nm suggests the presence of 
transitions due to donor-acceptor (DA) pair 
formation. The origin of the DA transition may arise 
from Zn interstitials and/or sulphur vacancies 
causing donor levels and Zn vacancies causing 
acceptor states. 

Conclusion 

Nanocrystalline films of ZnS, ZnSe and ZnSQ ^Se^^^ 
were deposited by high pressure magnetron sputtering 
technique. Films with different crystallite sizes were 
obtained/by varying the substrate temperature during 
deposition and the thickness of the films could also 
be varied without sacrificing the blue shift. The films 
exhibited predominant zinc blende structure with 
intense rings for (1 11), (220) and (311) planes. The 
absorption behaviour in nanocrystalline films could 
not be explained from level to level transitions due to 
size quantization only. Significant contributions from 
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